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ABSTRACT

A^-methyl-D-aspartate receptors (NMDARs) are assemblies of N Rl and NR2
(NR2A-2D) subunits and their kinetic and pharmacological properties depend on
the NR2 subunits expressed. We examined developmental changes in NMDARmediated excitatory postsynaptic currents (EPSCs) in mouse cerebellar Golgi cells
in acute thin slices. Further, we investigated whether NMDAR subtypes are
differentially distributed at synaptic and extrasynaptic sites.

EPSCs were recorded under whole-cell voltage-clamp. EPSC decay kinetics and
pharmacology were studied at postnatal days (P)7-8 and P15-18. We found
EPSCs at P7-8 to be highly sensitive to the NR2B-selective antagonist ifenprodil.
At P I 5-18, EPSCs were shorter in duration, less ifenprodil-sensitive but more
sensitive to TPEN, an agent affecting NR2A-NMDARs. Taken together, these
observations suggest a developmental switch from NR2B- to NR2A-NMDARs.

We next examined whether similar changes occur extrasynaptically. Extrasynaptic
NMDARs, activated by a high-frequency train of stimuli, were compared with
synaptic NMDARs activated by a single stimulus. Single- and trains of EPSCs at
P7-8 were highly ifenprodil-sensitive, suggesting NR2B-NMDARs are present
both synaptically and extrasynaptically. At P I 5-18, train-generated EPSCs were
slower and more ifenprodil-sensitive than single EPSCs. Ifenprodil sensitivity was
further increased after blockade of synaptic NMDARs with the channel-blocker
MK801. This supports the idea that the NR2B-to-NR2A switch is restricted to the
synapse.

NR2D-containing NMDARs are present on the soma of Golgi cells. To
investigate whether NR2D-NMDARs are involved in synaptic transmission, we
compared EPSCs from wild-type and NR2D-ablated mice at P7-10. We found no
apparent differences in EPSC properties, suggesting NR2D is restricted to
extrasynaptic sites.

In conclusion, cerebellar Golgi cells express several NMDAR subtypes which are
differentially distributed within the cell and developmentally regulated. At P7-8,
NR2B-receptors are present at and peripheral to the synapse and NR2D-receptors
are in the soma. By P I 5-18, NR2A-NMDARs are targeted to synapses while
NMDARs in the vicinity remain of the NR2B subtype.
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CHAPTER 1

GENERAL
INTRODUCTION

14

1.1 Classification o f ionotropic slutamate receptors

The majority of fast excitatory synaptic transmission in the vertebrate central
nervous system is mediated by the amino acid L-glutamate. The excitatory and
depolarising effects o f glutamate were discovered in the 1950’s and the following
two to three decades saw tremendous efforts in establishing glutamate as a
neurotransmitter and the classification of glutamate receptors (see Lodge, 1988;
Wheal and Thomson, 1991; Collingridge and Watkins, 1994). In the 1960’s, J.C.
Watkins and others led a series of studies on the structure-activity relationships of
analogues and homologues o f glutamate (reviewed in Watkins and Evans, 1981;
McLennan, 1983). By the late 1970s and early 1980s, development and testing of
these compounds indicated a family of mammalian ionotropic glutamate
receptors. Compounds similar in structure to L-glutamate (both naturallyoccurring and synthetic) displayed varying degrees of agonist and antagonist
affinities at these receptors. The ionotropic receptors are thus classified according
to and named after relatively selective agonists. A subset of receptors is activated
by the synthetic analogue of aspartic acid, W-methyl-D-aspartate (NMDA), and
responses through NMDA receptors (NMDARs) are strongly inhibited by the
antagonist D-2-amino-5-phosphonopentanoie acid (D-AP5). NMDA-insensitive or
non-NMDA receptors were initially termed quisqualate and/or kainate receptors,
after the agonist actions o f these compounds. These receptors are now divided into
a-amino-3-hydroxy-5-methyl-isoxazolepropionie acid (AMPA) receptors and
kainate receptors. Both AMP A- and kainate receptors are sensitive to the
antagonist 6-eyano-7-nitro-quinoxaline-2,3-dione (CNQX) but are not susceptible
to inhibition by D-AP5.
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By the mid 1980’s, the properties of the NMDAR ion channel were being
elucidated (reviewed in Collingridge and Lester, 1989). The NMDAR is highly
permeable to Ca^^, in addition to the Na"^ influx and

efflux on receptor

activation (MacDermott et al, 1986). The receptor is subject to a voltagedependent channel block by Mg^^, with the channel being blocked at negative
membrane potentials (Nowak et al, 1984; Mayer and Westbrook, 1985). Single
channel openings induced by glutamate were also being investigated (Cull-Candy
and Usowisz, 1987; Jahr and Stevens, 1987).

The demonstration of synaptic plasticity in the hippocampus was a milestone in
the study o f synaptic transmission (Bliss and Lomo, 1973). Termed long-term
potentiation (LTP), this phenomenon was shown to involve the NMDAR
(Collingridge et al, 1983). The conditional activation of the receptor, requiring the
coincidence o f presynaptic glutamate release and postsynaptic depolarisation to
remove the Mg^^ block, underlies the role of the NMDAR in inducing associative
synaptic plasticity (for reviews. Bliss and Collingridge, 1993; Bear and Malenka,
1994). In addition to its role in fast synaptic transmission and plasticity, the
NMDAR is involved in a variety of processes during neuronal development,
including synaptogenesis (Rabacchi et al, 1992), neuronal cell migration (Komura
and Rakic, 1993) and neurite growth (Fischer et al, 2000; Sin et al, 2002).

On the other hand, excessive activation of NMDARs can lead to over-excitation
and cell death, and this has been indicated in pathological conditions such as
cerebral ischaemia, hypoxia, epilepsy, neuropathic pain syndromes and chronic
neurodegenerative diseases (for reviews. Lodge, 1988; Dingledine et al, 1990;
Meldrum and Garthwaite,

1990; Choi,

1995; Cull-Candy et al, 2001).

Understanding the properties and functions o f the NMDAR is of immense
16

importance, and three developments have culminated in major advances in the
field: the molecular cloning of glutamate receptor subunits, the patch-clamp
technique, and the availability o f selective pharmacological agents.

1.2 Molecular clonins o f slutamate receptor subunits

The cloning of cDNAs encoding glutamate receptor subunits in the early 1990s
has propelled the research and knowledge of glutamate receptors forward with
immense speed. By expression cloning and sequence homology studies, the
pharmacological distinction of the three types of mammalian ionotropic glutamate
receptors was given a molecular basis (reviewed by Hollmann and Heinemann,
1994). AMP A receptors are encoded for by a single gene family, kainate receptors
by two and NMDA receptors by three. All glutamate receptor subunits are
structurally similar. There are three lipophilic transmembrane regions M l, M3 and
M4, with M2 being a re-entrant loop and most likely lining the channel pore
(Hollmann et al, 1994; Bennett and Dingledine, 1995; Kuner and Schoepfer,
1996).

The AMP A receptors subunits (GluRl to GluR4) can form both homomeric
assemblies and heteromeric complexes, generating many possible combinations
(reviewed by Bettler and Mulle, 1996; Borges and Dingledine, 1998). All copies
of GluR2 are post-transcriptionally edited at the ‘Q/R’ site in M2 and the presence
of an arginine (R) residue at this site confers low Ca^^-permeability (Hume,
Dingledine & Heinemann, 1991; Bumashev et al, 1992a; reviewed by Seeburg,
1996). The diversity of AMP A receptors is further increased by alternative
splicing, such as that o f the flip/flop cassette which affects channel deactivation
and desensitisation (Sommer et al, 1990; Monyer et al, 1991). AMP A receptors
17

have deactivation kinetics at the millisecond level, a property which makes them
suitable for their role in rapid synaptic transmission (Silver et al, 1992).

The first NMDA receptor subunit, N R l, was cloned by Moriyoshi et al (1991).
Further studies have described the alternative splicing of exons 5, 21 and 22,
generating at least eight known functional splice variants to date (Durand et al,
1992; Sugihara et al, 1992; Zukin and Bennett, 1995). A family of four cDNA
clones, NR2A to NR2D, was further isolated (Monyer et al, 1992; Ishii et al,
1993). The NR2 subunits are 50-70% homologous to each other, but have only
15-20% homology with N R l. Equivalent cDNAs have been cloned from mouse
brain, and are named ^1 (NRl) and €1-4 (NR2A-D; Kutsuwada et al, 1992;
Meguro et al, 1992). Functional receptors are readily formed by co-expression of
N Rl and at least one type of NR2 subunit (Monyer et al, 1994). In the M2 region
of NR2 subunits, a conserved asparagine residue at a position analogous to the
Q/R site o f GluRl-4 subunits is partly responsible for the characteristic voltagedependent Mg^^ block and permeability to divalent cations (Bumashev et al,
1992b; Mori et al, 1992; Kuner and Schoepfer, 1996). The less well-characterised
NR3 subunit does not form functional channels on its own, but can co-assemble
with N Rl and NR2 subunits to form NR1/NR2/NR3 complexes (Ciabarra et al,
1995; Sucher et al, 1995; Das et al, 1998).

In situ hybridisation studies have elucidated clear spatial and developmental
profiles in the expression patterns of NR2 (or e) subunits in the rat and mouse
brain (Monaghan and Cotman, 1986; Akazawa et al, 1994; Monyer et al, 1994;
Watanabe et al, 1994; Zhong et al, 1995; Wenzel et al, 1997; Monaghan et al,
1998). In general, the NR2B and NR2D subunits are expressed prenatally and are
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abundant at early stages of postnatal development. Their expression levels tend to
taper off as the brain matures. On the other hand, the expression of NR2A and
NR2C begins after birth and increases with age. NR2A and NR2B are prominent
in the hippocampus and cortical structures, while NR2C is mainly restricted to the
cerebellum. The NR2D subunit appears to be localised in intemeurons and in
midbrain structures. Both NRl splice variants and the NR3A subunit are also
subject to developmental and regional regulation (Laurie and Seeburg, 1994a;
Ciabarra et al, 1995; Sucher et al, 1995; Prybylowski and Wolfe, 2000).

1.3. Functional vr overties o f NMDARs

The patch-clamp electrophysiology technique is used to examine the properties of
synaptic currents and single-channel openings (Hamill et al, 1981; Neher and
Sakmann, 1995). High-resolution single-channel openings of agonist-activated
NMDARs have been resolved by excising patches of membrane in the outside-out
configuration (for example, Cull-Candy and Usowicz, 1987; Farrant et al, 1994;
Momiyama et al, 1996; Wyllie et al, 1998; Misra et al, 2000b). In the whole-cell
configuration and under voltage-clamp, the kinetics and pharmacological
sensitivities o f agonist-evoked and synaptic currents through recombinant and
native NMDARs can be studied (for example, Hestrin, 1992; Monyer et al, 1994;
Kirson and Yaari, 1996; Vicini et al, 1998; Misra et al, 2000b; Cathala et al,
2000 ).

NMDARs have several characteristic properties, the majority of which are
dependent on the NR2 subunit present within the receptor assembly (for reviews,
McBain and Mayer, 1994; Dingledine et al, 1999). The affinity for glutamate is
slightly different for recombinant receptors comprising the four different NR2
19

subunits (Table 1.1; Ikeda et al, 1992; Kutsuwada et al, 1992; Laurie and Seeburg
1994b; Priestley et al, 1995). Also, NR1/NR2A- and NRl/NR2B-diheteromers are
subject to a stronger voltage-dependent block by Mg^^ than NR2C- and NR2Dreceptors (Kutsuwada et al, 1992; Monyer et al, 1994; Kuner and Schoepfer,
1996). NMDARs require glycine as a co-agonist (Johnson and Ascher, 1987;
Kleckner and Dingledine, 1988) and NR2A-containing receptors have a lower
affinity for glycine compared with NR2B-, NR2C- and NR2D-containing
receptors (Ikeda et al, 1992; Kutsuwada et al, 1992; Laurie and Seeburg, 1994b;
Priestley et al, 1995). However, the permeability to Ca^^ appears to be comparable
between the four receptor subtypes (MacDermott et al, 1986; Monyer et al, 1994).
NMDARs are also sensitive to a number o f modulators, including protons, Zn^^,
and polyamines (see section 1.4). A summary of the differential functional
properties for different NMDAR subtypes can be found in Table 1.1.
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Table 1.1 Functional properties o f recombinant NMDA receptors*

NR2A

NR2B

NR2C

NR2D

Glutamate
affinity (EC50;
}iM)

lY, 3 y

0.8‘^

0.7'', 1 .0 ’’

0.4"

Glycine affinity
(EC50, p-M)

2.1‘^

0.3^^

0.2'*

0.1"

Mg^^ sensitivity‘s
(at -lOOmV;
IC50, M.M)

2.4

2.1

14.2

10.2

Ifenprodil
sensitivity^
(IC50, pM)

161

0.47

No effect

No effect

Zrv^ sensitivity®
(at -SOmV, Mg^^free; IC50, nM)

10

490

14,000

Not
determined

Single-channel
conductance (pS)

50 / 40'"'^

50 / 40^

38/18^

38 /18*'

Asymmetry of
transitions

no asymmetry

no asymmetry

no asymmetry

67% from 38
to 18pS

Decay kinetics of
whole-cell
currents (x, ms) #

120^, 180*^

400*'

380^

3000', 4800*,
4400\ 1600*

* co-expressed with N R l-la
# currents were measured in Mg^'^-free solutions, at -60mV except (i) which was
measured at -50mV
EC50 : concentration which generates a half-maximal response
IC50 : concentration which blocks 50% of the maximal response
Values are taken from a number of studies (^Ikeda et al, 1992; ^Ishii et al, 1992;
^Kuner and Schoepfer, 1996; ‘^Kutsuwada et al, 1992; ^Misra et al, 2000b; ^Monyer et
al, 1994; ^Paoletti et al, 1997; ^Stem et al, 1992; 'Vicini et al, 1998; ^Williams, 1993;
•^Wyllie et al, 1998)
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1.3.1 Sinsle-channel conductance

The single-channel conductance of NMDARs is now known to be dependent on
the NR2 subunit expressed in the receptor assembly (reviewed in Cull-Candy et
al, 1998). Early reports of single-channel recordings showed that glutamate
receptors open to multiple conductance levels (Cull-Candy and Usowisz, 1987;
Jahr and Stevens, 1987; Gibb and Colquhoun, 1992). Following the molecular
cloning of NMDAR subunits, an attempt was made to work out the subunit
composition of native NMDARs by combining information of mRNA expression
from in situ hybridisation experiments with single-channel conductance levels.
For example, in situ hybridisation studies showed the expression of NR2D in rat
cerebellar Purkinje cells (Akazawa et al, 1994; Monyer et al, 1994) and NMDAactivated single-channel openings of 18 and 38pS were observed (Momiyama et
al, 1996).

Characterisation of recombinant receptors made the identification of native
NMDAR subtypes more straight-forward by generating ‘fingerprints’ of NMDAR
single-channel conductance levels. Outside-out patches containing recombinant
NR1/NR2A and NR1/NR2B receptors have ‘high’ conductance level openings of
~50 and ~40pS, while NR1/NR2C and NR1/NR2D receptors displayed ‘low’
single-channel conductance levels o f ~38 and ~18pS (Stem et al, 1992; Wyllie et
al, 1996, 1998). Outside-out patches excised from the soma of internal granule
cells in rat cerebellar slices have NMDA-activated single-channel openings of 18,
30, 40 and 48pS (Farrant et al, 1994). In situ hybridisation studies indicate the
expression of N R l, NR2A, NR2B and NR2C subunits in these cells (Monyer et
al, 1994; Akazawa et al, 1994). Taken together, the low conductance channels
observed in these cells are most likely NR2C-containing NMDARs while the high
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conductance openings reflect activation o f NR1/NR2A and NR1/NR2B.
Furthermore, NR1/NR2D openings exhibit asymmetry of transitions between
conductance levels - 67% o f openings going from the 38pS to the 18pS state
(Wyllie et al, 1996). This behaviour has been observed in single-channel openings
in patches from cerebellar Purkinje cells and Golgi cells (Momiyama et al, 1996;
Misra et al, 2000). To date, the single-channel properties and possible subunit
composition o f native NMDA receptors have been examined in the rat cerebellum
(Momiyama et al, 1996; Rumbaugh and Vicini, 1999; Cathala et al, 2000; Misra
et al, 2000a; Billups et al, 2002), in the rat forebrain (Plant et al, 1997), in the rat
hippocampus (Gibb and Colquhoun, 1992; Pina-Crespo and Gibb, 2002) and in
the rat spinal cord (Momiyama et al, 1996; Momiyama, 2000).

Genetically-engineered mice have also played a role in the determination of
NMDAR subunit composition in native neurons and the influence of subunit
composition on receptor properties (Ebralidze et al, 1996; Takahashi et al, 1996;
Tovar and Westbrook, 2000; also see Chapter 5). For example, the demonstration
of high-conductance channels in cerebellar granule cells from young NR2Aknockout mice indicated the expression of NR2B-containing NMDA receptors in
these cells (Takahashi et al, 1996). Whether disruption or enhancement of NR2
subunit expression affects synaptic plasticity and behaviour (e.g. motor co
ordination, learning and memory) has also received much interest (Ikeda et al,
1995; Sakimura et al, 1995; Kadotani et al, 1996; Kiyama et al, 1998; Okabe et
al, 1998; Tang et al, 1999; Philpot et al, 2001b).

1.3.2 Decay kinetics o f whole-cell and synaptic currents

Although single-channel conductance is useful in determining the subunit
composition o f receptors in outside-out patches excised from cell bodies, it is not
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a parameter easily resolvable for whole-cell and synaptic currents (but see Clark
et al, 1997). Another property of the NMDAR channel that is dependent on the
NR2 subunit expressed is the decay kinetics o f macroscopic currents. Monyer et
al (1992, 1994) demonstrated that whole-cell currents through NR1/NR2A
receptors expressed in HEK293 cells have the fastest decay time-course (time
constant t, ~ 100ms; Table 1.1). At the other end of the spectrum, currents through
NR1/NR2D receptors decay approximately 400 times more slowly. The decay
time-course of currents through NR1/NR2B and NR1/NR2C receptors is
intermediate, with x values of around 400ms. Other studies using rapid agonist
applications and concentration jumps have shown similar values of decay time
constants (Vicini et al, 1998; Wyllie et al, 1998). It is of note that N Rl splice
variants can also affect the average decay time-course when co-expressed with
NR2B but not when accompanied by NR2A (Rumbaugh et al, 2000; Vicini et al,
1998).

Following release from the presynaptic terminal, glutamate is rapidly cleared from
the synaptic cleft and the duration of the glutamate transient is thought to be about
1ms (Clements et al, 1992; Clements, 1996; Diamond and Jahr, 1997; Bergles et
al, 1999; but see Kinney et al, 1997). The decay kinetics o f NMDAR-mediated
synaptic currents is therefore unlikely to be dependent on the glutamate profile in
the synapse and can thus provide an indication of the NR2 subunit expressed.
Further molecular or pharmacological evidence is required to support the
identification o f NMDAR subunit composition. Experiments such as the
examination of mice lacking the NR2A subunit (Takahashi et al, 1996) and the
correlation o f the decay kinetics with the relative amount of NR2A expressed
(Flint et al, 1997) have demonstrated that NR2A expression is positively
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correlated with faster-decaying currents in native systems. Synaptic currents in
cerebellar granule cells from mice lacking the NR2A subunit exhibited slower
decay kinetics

(t

~170ms compared with

t

-100ms for wild-type cells; Takahashi

et al, 1996). Conversely, the presence o f NR2B increased the duration of synaptic
currents, as shown by comparing wild-type and NR2B-knockout mice (t -80ms
and T -50ms, respectively; Tovar and Westbrook, 2000). Also, the kinetic
properties of currents through native NMDA receptors have been shown to change
during development (Carmignoto and Vicini, 1992; Hestrin, 1992). This
phenomenon is thought to reflect the developmental regulation of NR2 subunit
expression (Akazawa et al, 1994; Monyer et al, 1994; Watanabe et al, 1994) and
will be discussed further in section 1.6.

1.4 Pharmacolosv and modulation ofNMDARs

A unique property of the NMDA receptor is the strong voltage-sensitive channel
block by Mg^^. Monyer et al (1992, 1994) showed that recombinant NR1/NR2A
and NR1/NR2B receptors are more sensitive to Mg^^ than NR1/NR2C and
NR1/NR2D receptors. Similarly, the open channel blocker MK801 has a higher
affinity for NR2A- and NR2B-containing receptors (Kutsuwada et al, 1992;
Laurie and Seeburg, 1994b).

The NMDA receptor is sensitive to a wide range of compounds. Polyamines exert
complex effects on NMDA receptors, including voltage-dependent inhibition and
glycine-independent enhancement of currents (Benveniste and Mayer, 1993;
Williams, 1994; reviewed by McBain and Mayer, 1994). Protons inhibit
NMDARs and the extent of this inhibition is dependent on the N R l splice variant
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expressed (Traynelis and Cull-Candy, 1991; 1995). NMDA receptors have also
been reported to be susceptible to modulation by: redox agents (Aizenman et al,
1989; Kôhr et al, 1994; Brimecombe et al, 1997), nitric oxide (Lei et al, 1992;
Lip ton et al, 1993; Kim et al, 1999), ethanol (Kuner et al, 1993), intracellular Ca^^
(Clark et al, 1990; Legendre et al, 1993; Medina et al, 1995; Krupp et al, 1996),
intracellular Na^ (Yu and Salter, 1998); light (Leszkiewicz et al, 2000) and
changes in temperature (Feldmeyer and Cull-Candy, 1993). Furthermore, N R l,
NR2A and NR2B subunits can be directly phosphorylated by cAMP-dependent
protein kinase (PKA) and protein kinase C (PKC) at different sites (Hall and
Soderling, 1997; Leonard and Hell, 1997; Tingley et al, 1997), and the NR2A and
NR2B subunits are also susceptible to phosphorylation by tyrosine kinases (Moon
et al, 1994; Lan and Huganir, 1995; Kôhr and Seeburg, 1996; Zheng et al, 1998).
These phosphorylation systems are thought to be important in the functional
regulation of NMDA receptors (Chen and Huang, 1992; Wang and Salter, 1994;
Wang et al, 1994; Raman et al, 1996; Lan et al, 2001; Vissel et al, 2001; Li et al,
2002).

1.4.1 Ifenprodil: an antasonist selective for NR2B-NMDARs

Although there are many known modulators for the NMDAR, there is still a
dearth of specific agents which differentiate between the four receptor subtypes.
The development of the phenylethanolamines (ifenprodil, haloperidol and
CP 101,606) was a milestone in the study of NMDAR subunit composition as this
class of compounds proved very effective in inhibiting currents through NR2B
receptors (Williams, 1993; Chenard et al, 1995; Ilyin et al, 1996). Ifenprodil is
400 times more selective for NR1/NR2B receptors than for NR1/NR2A receptors
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(ICso (concentration which blocks 50% o f the maximal response), 0.34pM and
146pM, respectively; Williams, 1993) and has no effect on NMDARs with low
single-channel conductance (i.e. NR2C- or NR2D-containing receptors; Williams,
1995; Mott et al, 1998; Misra et al, 2000a; Momiyama, 2000). Ifenprodil also has
no effects on currents through AMP A and kainate receptors (Mott et al, 1998).

Ifenprodil is an atypical non-competitive antagonist and several mechanisms of
action have been proposed. An interference with polyamine binding in the amino
terminal domain was originally thought to be involved (Carter et al, 1990) but
subsequent work using site-directed mutagenesis showed that ifenprodil binds to a
distinct site (Gallagher et al, 1996). There was also evidence to suggest that
ifenprodil stabilises a channel state that has a lower open probability (Legendre
and Westbrook, 1991; Kew et al, 1996). Recently, it was demonstrated
phenylethanolamines act by enhancing proton inhibition (Mott et al, 1998). Point
mutation experiments also indicated an allosteric interaction between the
glutamate and ifenprodil binding sites (analogous to the interaction between
glutamate and Zn^^ binding sites on NR2A; see section 1.4.2). Glutamate binding
may enhance ifenprodil binding, in turn enhancing the binding of protons and
shifting more receptors into closed states (Zheng et al, 2001). Ifenprodil,
haloperidol and CP 101-606 have been widely used in elucidating the subunit
composition o f NMDA receptors on the cell bodies and at synapses in central
neurons (Williams et al, 1993; Kirson and Yaari, 1996; Rumbaugh and Vicini,
1999; Cathala et al, 2000; Misra et al, 2000a; this study)
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1.4.2 TPEN: removal o f the NR2A-selective hish-affînitv

inhibition

inhibits NMDARs (Peters et al, 1987;

It was shown over a decade ago that

Westbrook and Mayer, 1987; Mayer et al, 1989; Christine and Choi, 1990;
Legendre and Westbrook, 1990; reviewed in Dingledine et al, 1999). It has been
known since the 1980s that Zn^"^ is present in high concentrations in the brain,
especially in the synaptic vesicles of mossy fibres in the hippocampus, and is
released during neuronal activity (Frederickson et al, 1983; Assaf and Chung,
1984; Howell et al, 1984; Perez-Clausell and Danscher, 1985). It is therefore very
plausible that modulation ofNMDARs by Zn^^ would alter synaptic activity.

Receptors containing NR2A have a higher affinity for Zn^^ and this sensitivity is
influenced by N Rl alternative splicing and possibly also by Src tyrosine
phosphorylation (Hollmann et al, 1993; Paoletti et al, 1997; Traynelis et al, 1998;
Zheng et al, 1998; but see Xiong et al, 1999). The inhibition involves a voltagedependent and a voltage-independent component, with 40% of the Zn^^ inhibition
at NR1/NR2A receptors being voltage-independent and having an IC 50 value in
the nanomolar range (Williams, 1996; Chen et al, 1997). The remaining 60% is
inhibited in a voltage-dependent manner, mediated by a channel block similar to
but weaker than the block by Mg^"^, with an IC 50 value of 45-80pM. The
compound MA^W’W'-tetrakis-(2-pyridylmethyl)-ethylene-diamine (TPEN) is a
high-affinity chelator for heavy metal ions such as Zn^"^, Cu^^ and Mn^"^, but has a
poor affinity for Ca^^ (Arslan et al, 1985). Contaminant levels of Zn^"^ in recording
solutions are sufficient for a tonic block of NR2A receptors as bath application of
TPEN (l|iM ) enhanced currents through NRla/NR2A receptors by 50-300%, but
had no significant effects on NRla/NR2B channels (Paoletti et al, 1997).
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Similar to ifenprodil inhibition of NR1/NR2B receptors, Zn^^ inhibits NR1/NR2A
by enhancing the tonic proton inhibition at physiological pH (Choi and Lipton,
1999; Low et al, 2000), Zx}^ has been shown to bind with high affinity to the
amino terminal of the NR2A subunit (Fayyazuddin et al, 2000; Paoletti et al,
2000

) and an allosteric interaction between the glutamate and Zn^^ binding sites

may underlie the fast-onset desensitisation observed in NR1/NR2A receptors
(Zheng et al, 2001). Glutamate binding increases Zn^^ affinity, and Zn^"^ binding in
turn promotes inhibition by enhancing proton binding to pH-sensitive gating
elements. Indeed, mutation of residues in the amino terminal of the N Rl subunit
which control proton sensitivity also affects Zn^^ inhibition (Traynelis et al,
1998). Furthermore, polyamines and redox modulation may regulate the
sensitivity o f NR1/NR2A receptors to Zn^^ (Paoletti et al, 1997; Traynelis et al,
1998; Berger and Rebemik, 1999; Choi et al, 2001). This is of possible
physiological significance as Zn^^ is present in presynaptic vesicles at some
synapses, can be released into the synapse during neuronal activity, and may
affect the size o f the glutamate-induced postsynaptic response (Lu et al, 2000;
Vogt et al, 2000; Li et al, 2001 ; Lin et al, 2001).

1.5 Receptor stoichiometry and co-assembly ofN R 2 subunits

It may appear that a substantial amount of information has been gathered
regarding the link between the NR2 subunit expressed in a receptor complex and
the functional properties of this NMDA receptor, but two fundamental questions
remain largely unanswered. How many subunits make up the receptor channel?
And do different NR2 subunits co-assemble (with N R l) to form functional
channels with unique properties? A tetrameric structure is likely although there is
also evidence for a pentameric structure. It is thought the NMDAR complex
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contains two or three copies of NRl (Béhé et al, 1995; Premkumar and Auerbach,
1997) and two copies of NR2 (Premkumar and Auerbach, 1997; Laube et al,
1998; reviewed by Dingledine et al, 1999).

The co-assembly of different NR2 subtypes within a single receptor complex has
been implicated in several studies (Wafford et al, 1993; Chazot et al, 1994; Sheng
et al, 1994; Luo et al, 1997). Single-channel analysis of membrane patches from
Xenopus oocytes injected with cRNAs for N R l, NR2A and NR2D revealed an
additional conductance level between the conventional high and low conductance
states (Cheffmgs and Colquhoun, 2000). A recent study of neonatal hippocampal
neurons reported a novel negative coupling between high and low conductance
states (Pina-Crespo and Gibb, 2002). A single NMDA receptor population appears
to switch between high and low conductance levels, indicating the possibility of
triheteromeric NR1/NR2B/NR2D receptors. Indeed, an immunoprécipitation
study by Dunah et al (1998) supports the co-existence of NR2D with NRl and
NR2A or NR2B.

Several pharmacological studies also support the formation o f triheteromeric
NMDA receptors. Vicini et al (1998) reported that some cells transfected with
N R l, NR2A and NR2B exhibited currents that had slow deactivation times
characteristic of NR1/NR2B receptors, but were not affected by the NR2Bselective antagonist haloperidol. Tovar and Westbrook (1999) reported that co
transfection of N R l, NR2A and NR2B produced currents with reduced sensitivity
to ifenprodil, but the kinetics of recovery from ifenprodil block differed from that
of NR1/NR2B receptors. This result was inconsistent with a mixed population of
NR1/NR2A and NR1/NR2B receptors, and provided evidence for the formation of
triheteromeric assemblies. The same study also showed that NMDA receptor30

mediated excitatory postsynaptic currents (EPSCs) in cultured hippocampal
neurons exhibited two components o f ifenprodil sensitivity. The highly ifenprodilsensitive component was attributed to NR1/NR2B receptors, while the component
of lower sensitivity is speculated to arise from NR1/NR2A/NR2B triheteromeric
receptors. Dual components of ifenprodil sensitivity had also previously been
observed in native neurons by Williams et al (1993) and Kirson and Yaari (1996).
However, Kew et al (1998) proposed that triheteromeric NR1/NR2A/NR2B
receptors might have a high affinity for ifenprodil: if the binding of ifenprodil to a
single high-affinity site is sufficient, then the presence of a single NR2B subunit
would be enough to confer sensitivity. The assembly of triheteromeric receptors is
supported by the co-immunoprecipitation o f N R l, NR2A and NR2B (Sheng et al,
1994; Chazot and Stephenson, 1997; Luo et al, 1997), and the overlap of NR2A
and NR2B signals in imaging studies (Li et al, 1998; Luo et al, 2002). In Chapter
5 of this thesis, we address the possibility of NR2B and NR2D co-assembly in the
cell bodies of cerebellar Golgi cells. We put forward evidence for the co-assembly
of these two subunits at somatic sites.

1.6 Developmental vroiile o f NMDAR subunit composition

Functional evidence for changes in NMDAR-mediated synaptic currents during
development was initially demonstrated in the superior colliculus (Hestrin, 1992)
and in the visual cortex (Carmignoto and Vicini, 1992). In situ hybridisation
experiments subsequently provided a possible molecular mechanism for this
phenomenon. The mRNA and protein expression of NR2 subunits exhibit distinct
and dynamic patterns during development (Akazawa et al, 1994; Monyer et al,
1994; Sheng et al, 1994; Watanabe et al, 1994). It was thus suggested that the
shortening o f EPSCs during maturation, as characterised by the two functional
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studies, reflected the developmental switch between NR2B and NR2A expression
in many areas of the brain.

A number o f studies have addressed this proposal by correlating the shortening of
synaptic currents during development with changes in the expression or
pharmacology o f NR2 subunits (Kirson and Yaari, 1996; Takahashi et al, 1996;
Flint et al, 1997; Stocca and Vicini, 1998; Rumbaugh and Vicini, 1999; Tovar and
Westbrook, 1999; Cathala et al, 2000). The genetically-engineered ablation of
NR2A expression resulted in slower EPSCs at the cerebellar mossy fibre-granule
cell synapse in mice (Takahashi et al, 1996). Flint et al (1997) found a correlation
between NR2A expression (as determined by single-cell RT-PCR) and faster
EPSC decay kinetics, and showed that even low levels of NR2A expression in rat
neocortical neurons were sufficient to affect the decay time-course of synaptic
currents.

Reduced inhibition by the NR2B-selective antagonists ifenprodil, haloperidol and
CP 101,606 also correlate with faster decay kinetics during development (Williams
et al, 1993; Kirson and Yaari, 1996; Stocca and Vicini, 1998; Tovar and
Westbrook, 1999; Cathala et al, 2000). The whole-cell and synaptic currents of
‘immature’ cultured hippocampal neurons (1-3 days in vitro) displayed the same
ifenprodil sensitivity as those from cells transfected with N R l a and NR2B.
However, EPSCs from ‘mature’ cells (5-7 days in vitro) were less susceptible to
ifenprodil inhibition (Tovar and Westbrook, 1999). Furthermore, the reduction in
ifenprodil or haloperidol sensitivity observed during development appeared to be
restricted to the synapse (Stocca and Vicini, 1998; Rumbaugh and Vicini, 1999;
Tovar and Westbrook, 1999; but see Cathala et al, 2000).
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1.7 Functional importance o f changes in NMDAR properties

1.7.1

entry

There has been a recent explosion in the study of interactions between the
NMDAR and the postsynaptic density (PSD; for reviews, Ziff, 1997; Grant and
O ’Dell, 2001; Sheng and Kim, 2002). The PSD is a complex structure containing
a multitude of signalling and scaffolding proteins, and is important for receptor
clustering and anchoring at synaptic sites. The carboxyl terminals of NR2 subunits
and some iso forms of N Rl can bind to proteins in the PSD via PDZ domains (e.g.
PSD-95, SAP 102, calmodulin and CaMKII; Komau et al, 1995; Niethammer et
al, 1996; Steigerwald et al, 2000; Roche et al, 2001; Scott et al, 2001), and the
NMDAR is thereby directly or indirectly linked to a number of signalling
pathways (including the Ras-MAPK pathway, the nitric oxide pathway, and
(de)phosphorylation). The NMDAR can also bind directly to cytoskeletal
elements such as a-actinin and NF-L (Ehlers et al, 1998; Lei et al, 2001). Due to
the proximity of the NMDAR with so many (Ca^^-sensitive) signalling molecules,
the influx o f Ca^^ through the open NMDAR can thus affect a myriad of
intracellular processes.

In addition to the associative or conditional activation of the NMDAR, Ca^^ entry
through this receptor channel also plays an important role in the induction of
synaptic plasticity (Bliss and Collingridge, 1993; Bear and Malenka, 1994). The
delivery and insertion of AMP A receptors to the membrane of hippocampal spines
during long-term potentiation (LTP; Shi et al, 1999; Lu et al, 2001), as well as the
removal of these receptors during long-term depression (LTD; Carroll et al.
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1999), requires NMDAR activation and increases in the intracellular Ca^^
concentration. Changes in synaptic strength and structure (e.g. spine growth, the
number of synapses) are thought to be mediated by Ca^"^ entry through the NMDA
receptor via the activation of phosphatases and kinases (for example. Sin et al,
2002). Furthermore, the relative amount and temporal profile of Ca^^ entering the
neuron may determine the direction of change: large elevations in the intracellular
Ca^^ concentration triggers LTP by protein kinase activation while modest
changes lead to LTD via activation o f protein phosphatases (Bear and Malenka,
1994; Cummings et al, 1996; Zucker, 1999; Lüscher et al, 2000; Soderling and
Derkach, 2000; Grosshans et al, 2002; Sheng and Kim, 2002).

In light of this, it was hypothesised that developmental changes in NMDAR
subunit composition may underlie the abated ability for LTP in adult animals. The
acceleration in the decay kinetics of NMDAR-mediated synaptic currents brought
about by a developmental switch from NR2B to NR2A expression means a
reduction in charge transfer and Ca^^ influx through the NMDAR channel.
However, evidence is mounting against this hypothesis. Recent studies
demonstrated that NR2A expression and the acceleration in decay kinetics occur
at the beginning rather than at the end of the critical period for plasticity in the
visual system (Roberts and Ramoa,

1999; Barth and Malenka, 2001).

Furthermore, the critical period for thalamocortical LTP was unchanged in NR2Aknockout mice (Lu et al, 2001).

Ca^^ permeability is also a crucial property for the NMDAR’s participation in
developmental processes such as neurite growth, cell migration, synaptogenesis
and synapse elimination (Rabacchi et al, 1992; Komura and Rakic, 1993; Durand
et al, 1996; Wu et al, 1996; Lin and Constantine-Paton, 1998; Fischer et al, 2000;
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Kakizawa et al, 2000; Lüthi et al, 2001; Sin et al, 2002). Neuronal survival, via
the transcription factor cAMP-response-element-binding-protein (CREB) and the
neurotrophin brain-derived neurotrophic factor (BDNF), also appears to be
dependent on Ca^^ flux through the NMDAR (Hardingham et al, 2002). Although
NMDAR activation is necessary for many physiological processes, over
excitation o f NMDARs is neurotoxic and excessive Ca^^ entry is thought to be
one of the mechanisms of excitotoxicity (for reviews, Choi, 1995; Hardingham
and Bading, 2003). Depending on the intensity of the glutamate insult, the loss of
Ca^^ homeostasis can activate the signalling pathway for apoptosis or lead to
necrotic cell death.

1.7.2 Contribution to cell excitability

The magnitude and time-course of the cationic influx through the open NMDAR
channel will shape neuronal excitation and affect the firing of action potentials.
For example, the contribution of NMDARs to synaptic activation in adult
hippocampal CAl pyramidal cells is minimal while NMDAR-dependent burst
firing occurs in hippocampal radiatum giant cells where the NMDAR-mediated
component of the EPSC is larger, more slowly-decaying and less sensitive to
Mg^"^ block (Kirson and Yaari, 2000).

The voltage-dependent activation and the deactivation kinetics of the NMDAR
predict that repetitive high-frequency afferent stimuli may lead to non-linear
summation of the postsynaptic response, mediating the integration of several
inputs, triggering jittery firing or even blocking the generation o f action potentials
(Gabbiani et al, 1994; D ’Angelo et al, 1995; Harsch and Robinson, 2000;
Imamura et al, 2000; Lei and McBain, 2002; Maccaferri and Dingledine, 2002).
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The acceleration in the decay kinetics o f NMDAR-mediated synaptic currents
during development is thought to improve the temporal precision of network
activity. This has been elegantly demonstrated in the auditory system, where
reliable and sustained firing at high frequencies is of necessity. The acquisition of
high-fidelity transmission at the calyx o f Held synapse is activity-dependent,
requiring the downregulation ofNMDARs and a reduction in the NMDAR-EPSC
duration (Futai et al, 2001; Taschenberger and von Gersdorff, 2000). However, it
is important to keep in mind that many other changes may occur simultaneously to
affect overall cell excitability. Changes in intrinsic membrane properties of the
postsynaptic neuron (e.g. expression levels and properties of

and Na^

channels), in presynaptic release profiles (e.g. release probability, presynaptic
Ca^^ channels, vesicle pool size) and in neurotransmitter profile in the synaptic
cleft (e.g. synapse morphology, activity of clearance systems) can all influence
cell excitability and the relationship between presynaptic and postsynaptic activity
(Taschenberger and von Gersdorff, 2000; Renger et al, 2001; reviewed in Conti
and Weinberg, 1999; Magee, 2003). O f course, the excitation of a neuron also
depends on the sum total of its inhibitory and excitatory inputs and the temporal
interaction between these inputs will also shape neuronal firing (Mainen and
Sejnowski, 1995; Stevens and Zador, 1998; Carter and Regehr, 2002).

1.8 Differential localisation ofNMDARs

Not only is there a developmental or temporal profile of NMDAR expression,
there are also spatial considerations. For example, NR2D receptors are transiently
expressed on the soma of the cerebellar Purkinje cell during early postnatal
development but no functional NMDARs have been documented at synapses in
this cell type (Kano et al, 1988; Hirano, 1990; Perkel et al, 1990; Momiyama et
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al, 1996). Indeed, NR2D-containing receptors have been shown to be expressed
extrasynaptically in several cell types but do not appear to be involved in synaptic
transmission (Misra et al, 2000a, 2000b; Momiyama, 2000; Clark and CullCandy, 2002; Pina-Crespo and Gibb, 2002; Chapter 5). Furthermore, at a
developmental stage when NR2A-containing receptors are present at hippocampal
or cerebellar synapses, NR2B-NMDARs are thought to remain abundant in the
extrasynaptic membrane (Rumbaugh and Vicini, 1999; Tovar and Westbrook,
1999; Sinor et al, 2000; Chapter 4). A recent study suggests that NMDARs are
able to move between synaptic and extrasynaptic locations in cultured
hippocampal neurons (Tovar and Westbrook, 2002).

NMDARs expressed at synaptic sites contribute to excitatory transmission and
synaptic plasticity but what are the possible functions of extrasynaptic NMDARs?
It was demonstrated more than a decade ago that NMDARs in the extrasynaptic
membrane are tonically active in hippocampal pyramidal cells and that this tonic
depolarising current acts to enhance the coupling between afferent input and
action potential firing (Sah et al, 1989). Although synaptically-released glutamate
is thought to be largely cleared from the synaptic cleft within 1 ms by high-affinity
glutamate transporters and passive diffusion (Clements, 1996; Diamond and Jahr,
1997), diffusion simulations predict that the glutamate concentration may decay
very slowly when it falls below the affinity of glial glutamate uptake (Kd ~13pM;
Bergles and Jahr, 1997; Rusakov and Kullmann, 1998). The glutamate
concentration in the extracellular fluid may therefore be sufficient to tonically
activate NMDARs (with glutamate affinity of EC 50 0.4 to 4)uM; Table 1.1).
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Manipulating the expression of extrasynaptic receptors, either in terms of receptor
number or receptor subtype, may provide a means o f regulating cell excitability or
cell survival. Extrasynaptic NMDARs appear to be more susceptible to usedependent rundown than synaptic ones (Li et al, 2002), providing a possible
mechanism for maintaining robust synaptic transmission while toning down
overall excitability. NMDARs at somatic sites have also been implicated in
mediating glutamate-induced neurotoxicity (Sinor et al, 2000) and a recent report
indicated the contrasting roles of synaptic and extrasynaptic NMDARs in cell
survival. While synaptic NMDAR activity promotes the activity of the
transcription factor CREB and the subsequent production of the neuroprotective
BDNF, activation of extrasynaptic NMDARs oppose CREB activity and can lead
to cell death (Hardingham et al, 2002; Hardingham and Bading, 2003).

With its higher affinity for glutamate and its lower affinity to Mg^^ block, the
extrasynaptically-located NR2D-containing receptors are more likely to be
activated by ambient glutamate. Long-lasting NMDAR-mediated currents in
thalamic neurons (with a decay time constant o f around 3 seconds) have been
linked to spontaneous Ca^^ oscillations in surrounding astrocytes (Parri et al,
2001). The authors suggest that Ca^^-induced glutamate release from astrocytes
may activate extrasynaptic NR2D-containing receptors abundantly expressed in
these neurons (at the developmental stage studied).

1.9 Diffuse synaptic transmission: Spillover

The classic model of synaptic transmission is mainly that of ‘point-to-point’
transmission between a presynaptic terminal and the postsynaptic density.
However, there is increasing evidence that transmission may be more diffuse than
38

previously thought and this has implications for the possible function of
extrasynaptic receptors. The term ‘spillover’ is used to describe the diffusion of
neurotransmitter beyond the space separating the presynaptic release sites and the
opposing postsynaptic membrane, leading to activation of receptors either at
neighbouring synapses or in the extrasynaptic membrane (Kullmann and Asztely,
1998; Bergles et al, 1999; Diamond, 2002; Otis, 2002). Spillover was first
demonstrated in the hippocampus (Asztely et al, 1997), providing an alternative
explanation for NMDAR-only ‘silent synapses’ (Isaac et al, 1995; Liao et al,
1995; see also Gasparini et al, 2000). The recording of NMDAR-only responses
was initially thought to reflect the absence of AMPARs at certain synapses.
However, spillover of low concentrations of glutamate into quiescent synapses
containing both AMPARs and NMDARs could also generate NMDAR-only
responses since NMDARs have a much higher affinity for glutamate than
AMPARs.

Increased or repetitive afferent activity would be expected to increase the degree
of spillover, with higher concentrations of glutamate accumulating in the synaptic
cleft and perhaps even saturating glutamate uptake. For example, in hippocampal
CAl cells, a brief burst of afferent stimuli or inhibition of glutamate transporters
led to the prolongation of the EPSC (Amth-Jensen et al, 2002). What significance
might this have on the synapse specificity thought to be so important for
information processing and activity-dependent plasticity? It has been postulated
that spillover may actually enhance synapse specificity in associative LTP: the
postsynaptic Ca^^ influx through NMDARs is only sufficient to induce LTP at
directly activated synapses and depression of synaptic strength may occur at
neighbouring synapses where the Ca^^ signal is weaker (Diamond, 2002).
AMPARs can be activated by spillover at the cerebellar mossy fibre to granule
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cell synapse and modelling suggests that this spillover current would greatly affect
the EPSP waveform by boosting the amplitude and slowing the decay of the EPSP
(DiGregorio et al, 2002). This spillover is less prominent when presynaptic
release probability is low. So, at higher firing frequencies where a reduction in
release probability is likely, the EPSP would be smaller and faster allowing
temporal precision to be maintained. The boosting of the EPSP may enhance the
reliability of low-frequency transmission as threshold for action potential firing
can be achieved more easily.

High-affinity glutamate transporters are important in shaping the glutamatergic
response at some synapses (for example, Sarantis et al, 1993; Barbour et al, 1994;
Isaacson, 1999; Overstreet et al, 1999; Carter and Regehr, 2000; Brasjno and Otis,
2001; Kinney et al, 1997; but see DiGregorio et al, 2002), and five subtypes have
been cloned to date: GLT-1, GLAST, EAAT3, EAAT4 and EAAT5 (Kanai and
Hediger, 1992; Pines et al, 1992; Storck et al, 1992; Arriza et al, 1994, 1997;
Fairman et al, 1995). The glial transporters (GLT-1 and GLAST) are located both
close to and away from synapses (Chaudry et al, 1995; Lettre et al, 1995; Minelli
et al, 2001). EAAT3 is localised in pre- and postsynaptic neuronal structures in
several brain regions while EAAT4 is enriched postsynaptically in cerebellar
Purkinje cells (Rothstein et al, 1994; Lehre et al, 1995; Furuta et al, 1997a). The
expression of transporter subtypes has also been shown to increase with age
(Furuta et al, 1997a), so spillover might be expected to be more prominent early
in development.

In addition to activating receptors at neighbouring synapses, diffusion of
neurotransmitter out of the synapse can activate receptors located in the
extrasynaptic membrane and anatomically-defined extrasynaptic receptors could
40

still participate in synaptic transmission. At an ‘AMPAR-only’ synapse in the
cerebellum, trains of afferent stimuli generated an NMDAR-mediated current
indicating activation of extrasynaptic NMDARs by glutamate spillover (Clark and
Cull-Candy, 2002). In retinal ganglion layer cells, evoked EPSCs exhibited both
AMPAR- and NMDAR-mediated components while spontaneously-occurring
EPSCs were mediated only by AMPARs (Chen and Diamond, 2002). The
NMDARs are likely to be located extrasynaptically as an additional NMDARmediated component was observed in spontaneous EPSCs on inhibition of
glutamate uptake. Furthermore, extrasynaptic NMDARs may directly affect
neuronal excitability as Ca^^ influx through these receptors can activate co
localised Ca^^-activated

channels (Isaacson and Murphy, 2001). Metabotropic

glutamate receptors (mGluRs), situated away from synaptic sites and having
similar glutamate affinities as NMDARs, can also be activated by synapticallyreleased glutamate, suggesting a role for spillover in modulating synaptic
transmission on a slower time-scale (Baude et al, 1993; Conn and Pin, 1997;
Petralia et al, 1997; Brasnjo and Otis, 2001).

It was mentioned in section 1.8 that NMDAR subtypes can be differentially
distributed within a neuron. It is thus possible that glutamate spillover activates
extrasynaptic NMDARs which differ in their properties from those at synapses.
This possibility is investigated in Chapter 4.

1.10 Cerebellum: cell types and connectivity

The cerebellum is a protruding structure located at the base o f the brain, sitting on
the brainstem between the cerebrum and the spinal cord. It is a convoluted
structure which can be divided into two cauliflower-like hemispheres separated by
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the vermis. The cerebellum plays a pivotal role in the coordination of posture and
locomotion, hand and eye movements, and a wide range of routine and skilled
motor activities (see Kandel et al, 1991; Mauk et al, 2000). Although not essential
in muscle contraction or somatosensory perception, the cerebellum appears to be
involved in the regulation of movement and posture by adjusting the output of
descending motor pathways. It receives information from all parts of the body:
from skin, muscles, joints and visceral organs; from the visual, auditory and
vestibular systems; and from higher motor centres. The efferent pathways
ultimately affect the motor system, via the motor nuclei in the brainstem and/or
via forebrain motor structures. The cerebellum also plays an important role in the
learning of motor tasks (see Mauk, 1997). The most striking symptom of
cerebellar disease is the loss of muscle coordination (ataxia), affecting speech and
movements in the limbs, extremities, and the eyes. Posture, balance and muscle
tone can also be affected.

The cerebellum is composed of the cerebellar cortex (an outer layer of grey
matter), internal white matter and three pairs o f deep cerebellar nuclei. Three
layers are distinct in the cerebellar cortex and the arrangement of neurons is
highly regular (Figures 1.1 and 1.2A; see Eccles et al, 1967; Palay and ChanPalay, 1974; Ramon y Cajal, 1911). The molecular layer lies directly under the
pial surface and consists primarily o f densely-packed axon fibres and dendrites.
The thin axon fibres run parallel along the longitudinal axis of the folium and are
known as ‘parallel fibres’. Two types of intemeurons, the stellate cell and basket
cell, are present in the molecular layer. The Purkinje cell layer is a sheet of large
cell bodies that separates the molecular layer and the granule cell layer, with
axonal and dendritic processes running between the Purkinje cell bodies. The
granule cell layer is densely packed with small granule cells, and also contains the
42

bulb-like structures called glomeruli where granule cell axon terminals, mossy
fibre axon terminals and Golgi cell dendrites and axon terminals come together
and form synaptic contacts. Sparsely distributed within the granule cell layer, the
Golgi cell, the unipolar brush cell and the Lugaro cell can be distinguished from
granule cells by their larger cell bodies. Also visible in the granule cell layer are
numerous axons. These include ascending projections from the white matter to
terminate in glomeruli or on Purkinje cells, and descending Purkinje cell axons.

1.10.1 The 2ranule cell

The most abundant neuronal cell type in the cerebellar cortex is the granule cell.
These cells have small spherical cell bodies of 5-8pm in diameter and are densely
packed in the granule cell layer. Each granule cell extends 3-5 dendrites in the
granule cell layer, where they form part of the glomerulus and make synaptic
contacts with mossy fibres and Golgi cell axon terminals.

The axons o f granule cells extend towards the surface of the cerebellum to form
the molecular layer. After passing through the Purkinje cell layer, each axon splits
into two and the branches run along the axis of the folium in opposite directions.
The position o f the granule cell is in direct geometric relation to the position of the
parallel fibre in the molecular layer: superficial granule cells (close to the Purkinje
cell layer) give rise to superficial parallel fibres (towards the pial surface) while
deep granule cells (near the white matter) give rise to deep parallel fibres (by the
Purkinje cell layer). After bifurcation, parallel fibres extend for l-2mm in both
directions and make en passant synaptic contacts with dendrites of Purkinje cells.
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Golgi cells, stellate cells and basket cells (see Eccles et al, 1967; Pichitpomchai et
al, 1994).

1.10.2 The Purkinje cell

The Purkinje cell has a large cell body of transverse diameter 30-35pm and
vertical diameter 50-70pm, and possesses a flat but highly elaborate dendritic tree
which sits in the molecular layer perpendicular to the parallel fibres (i.e. in the
parasagittal plane). Parallel fibres make en passant synaptic contacts onto densely
distributed dendritic spines, and over

2 0 0 ,0 0 0

parallel fibres are thought to run

through the dendritic tree o f the Purkinje cell in the cat and monkey (Eccles et al,
1967; Napper and Harvey, 1988). The axons of the stellate and basket
intemeurons make inhibitory contacts onto the Purkinje cell dendrites. Each
Purkinje cell is also contacted by a climbing fibre (originating from the inferior
olive), which wraps around the Purkinje cell dendritic tree like ivy. Side branches
of the climbing fibre end in boutons, forming synapses with the Purkinje cell and
possibly also with stellate, basket and Golgi cells. Purkinje cell axons start at the
base of the cell bodies, extend through the granule cell layer to the deep cerebellar
nuclei or to extracerebellar stmctures, and form the only efferent pathway from
the cerebellar cortex.
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Figure 1.1 Schematic diagram o f the cerebellar circuitry
The cerebellar cortex is divided into the external granule cell layer (only in early
development), the molecular layer, the Purkinje cell layer and the internal granule cell
layer. R ed dots indicate excitatory synapses while blue dots indicate inhibitory
connections.
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Figure 1.2 The Golsi cell in the cerebellar cortex
A, Stereodiagram of the cerebellar cortex, illustrating the afferent fibres in blue (mossy
fibres (Mo) and climbing fibres (Cl) and the main neuronal cell types. The Purkinje cell
is shown in red, granule cell in green, and the three main inhibitory cells in black: Golgi
cell (Go), stellate cell (St) and basket cell (Ba). (Eccles et al, 1967, Figure 1, p. 5.)
B, The typical arborisation and location of the Golgi cell. The arborisations extend in all
directions. The axon (Ax) branches extensively amongst the internal granule cells and
form synaptic contacts within glomeruli. (Eccles et al, 1967, Figure 13, p. 23.)
46

1. 10.3 The G olsi cell

The round or polygonal cell bodies of Golgi cells are typically located in the top
half of the granule cell layer and with diameters of 20-25p,m, they are readily
distinguishable from the surrounding granule cells (Ramon y Cajal, 1911; Palay
and Chan-Palay, 1974). Golgi cells are sparsely distributed, being outnumbered by
Purkinje cells at a ratio of 10:1 (Eccles et al, 1967). Their density has been
reported to be slightly greater in the vermis than in the hemispheres (Altman and
Bayer, 1997).

Golgi cells extend a number of apical dendrites into the molecular layer, resulting
in a span approximately three times wider than that of the Purkinje cell dendritic
tree (Figure 1.2B). However, unlike the Purkinje cell, the apical dendrites of the
Golgi cell extend equally in all directions and can therefore receive parallel fibre
inputs from a large volume of the molecular layer. Also, there appears to be little
or no overlap between the dendritic trees of neighbouring Golgi cells. The tertiary
dendrites have irregularly-distributed, sparse, blunt and stiff spines onto which
parallel fibres make synaptic contacts. Basal dendritic processes in the granule
cell layer make direct contacts with mossy fibres in the glomerulus and the span
o f the basal dendritic tree is somewhat smaller than that of the apical one. Some
Golgi cells located deep in the granule cell layer extend few if any dendrites into
the molecular layer, with the mossy fibres forming their main or only input.

The axons o f Golgi cells originate at the base o f the cell body and form extended
arborisations throughout the depth of the granule cell layer (with a span as wide as
that of the apical dendritic tree; Figure 1.2B). The axon arborisations form
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synapses with granule cell dendrites in the glomerulus (Hamori and Szentagothai,
1966), resulting in a connection loop between the granule cell and the Golgi cell.
The cell body o f the Golgi cell is also covered with synaptic contacts, with
climbing fibre collaterals and Purkinje cell axon collaterals thought to be the
presynaptic elements (Eccles et al, 1967).

In addition to Golgi cells, there are at least two other neuronal cell types with
large- or medium-sized cell bodies located in the granule cell layer. The three cell
types can be distinguished by the shape and size of their cell bodies, their location
within the granule cell layer and by immunochemical markers (such as calretinin,
somatostatin and the antigen Rat-303; Ramon y Cajal, 1911; Geurts et al, 2001).
The unipolar brush cell (Mugnaini and Floris, 1994; Rossi et al, 1995) is mainly
found in the posterior vestibulo-cerebellum and has a rounded cell body,
intermediate in size between the granule cell and the Golgi cell. Its single thick
dendrite has the shape of a paintbrush, with the bunch of dendritic branches at the
tip forming synaptic contacts with one or two mossy fibre terminals. The
contorted and branched axons of unipolar brush cells appear to remain in the
granule cell layer, with the rosette-like terminals contacting granule cell dendrites
and dendrites o f other unipolar brush cells (Dino et al, 2000). The Lugaro cell,
with its fusiform cell body, is located in the upper third of the granule cell layer
and is found to be scattered throughout the cerebellar cortex (Sahin and Hockfield,
1990; Laine and Axelrad, 2002). The poorly-ramified dendrites appear to follow a
variable trajectory: the dendrites of some cells ramify into the molecular layer
while dendrites of others extend in the granule cell or Purkinje cell layers. Lugaro
cells receive excitatory serotonergic inputs (Dieudonné and Dumoulin, 2000),
while their axon arborisations in the molecular layer form inhibitory contacts with
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stellate cells, basket cells and Golgi cells (but not with Purkinje cells; Dieudonné
and Dumoulin, 2000; Dumoulin et al, 2001).

1.10.4 The mossy fîbre-sranule cell-Golsi cell microcircuit

Originating from the spinal cord, the vestibular system, the reticular formation and
the pontine nuclei, mossy fibres branch extensively in the white matter and in the
granule cell layer and form contacts with the dendrites o f several granule cells in
complex synapses called glomeruli (Hamori and Szentagothai, 1966). In the
centre of the glomerulus lies the enlarged mossy fibre terminal (or rosette), onto
which granule cell dendrites and Golgi cell basal dendrites make contact. Golgi
axon terminals form small beaded synaptic contacts with granule cell dendrites
either at the outer side of granule cell dendrites opposite to the contact with the
mossy fibre or somewhat adjacent to the mossy fibre-granule cell synapse.

Two pathways can be dissected from the connections made in the glomerulus
(Ramon y Cajal, 1911; Palay and Chan-Palay, 1974). The mossy fibre forms an
excitatory synapse with the granule cell, which extends its axon (parallel fibre)
through the molecular layer to excite a Golgi cell at its apical dendrites. The Golgi
cell axon then forms an inhibitory synapse back onto the mossy fibre to granule
cell synapse. This connectivity forms a simple negative feedback loop (Eccles et
al, 1966). Secondly, glutamate release at the mossy fibre terminal will activate
synapses at the basal dendrites of the Golgi cell. The Golgi cell axon then forms
an inhibitory connection with the granule cell, generating feedforward inhibition
on the mossy fibre to granule cell connection.
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1. 10.5 The possible functional role o f the cerebellar G o lsi cell

The cerebellum is thought to regulate and coordinate movement by functioning as
a computing machine, processing the information it receives from various parts of
the body and sending the processed output directly or indirectly to the motor
system. The cerebellum is also one of the main brain structures involved in motor
learning. The discovery and establishment o f synaptic plasticity in the cerebellum
(Ito and Kano, 1982; Ito et al, 1982; Ekerot and Kano, 1985) provided the
memory elements required by any computational machine (Marr, 1969; Albus,
1971). The Purkinje cell receives inputs from parallel fibres and from a climbing
fibre. On coincident excitation of both parallel fibre and climbing fibre inputs, the
parallel fibre to Purkinje cell relay undergoes long-term depression (LTD). As
Purkinje cells form inhibitory connections onto neurons in the deep cerebellar
nuclei, this LTD would effectively increase excitation in the system. Blockade of
LTD impairs motor adaptation and learning (Chapman et al, 1992; Li et al, 1995;
Shibuki et al, 1996; De Zeeuw et al, 1998; Ichise et al, 2000), supporting the view
that this heterosynaptic LTD constitutes a major mechanism in cerebellar learning.
The cerebellar learning hypothesis also proposes that the climbing fibre input
represents an error message (see Ito, 2000, 2001). In simple situations such as
reflexes, climbing fibres are excited in response to pain or a sudden loud sound.
Although the model becomes much more complex for voluntary movements, most
observations for simple situations support the view that LTD is driven by the error
signals arising from the repeated exercise o f a movement and that LTD reshapes
the neuronal circuit of the cerebellum in the direction which minimises these
errors (see Ito, 2000, 2001). In future, the hypothesis for cerebellar learning will
have to be modified to incorporate the new findings of plasticity in other
cerebellar cell types (D'Angelo et al, 1999; Liu and Cull-Candy, 2000).
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Golgi cells, by its connectivity, most likely play a role in controlling the excitation
o f granule cells and thereby regulating the main input relay of the cerebellar
cortex between mossy fibres and granule cells. This in turn affects the activity of
the parallel fibres and ultimately the output of the cerebellar cortex via Purkinje
cells. Golgi cells fire spontaneously (Edgley and Lidierth, 1987) and it has been
proposed that Golgi cells exert a tonic inhibition on granule cells. The classic
theories of Marr-Albus-Ito proposed the feedback inhibition exerted by Golgi
cells may set the activation threshold for granule cell firing. It had been
contemplated that Golgi cells may only fire when excited by both parallel fibre
and mossy fibre inputs (Hamori and Szentagothai, 1966), but Eccles et al (1967)
showed that activation o f either pathway was sufficient. The large dendritic tree
would integrate signals from many granule cells and conversely, excitation of a
Golgi cell would lead to an inhibition of many granule cells. It is therefore
possible that Golgi cells focus the excitation of granule cells. Granule cells
receiving direct mossy fibre stimulation will be sufficiently excited to overcome
the inhibition exerted by Golgi cells and will be able to fire. However,
surrounding granule cells innervated by the same Golgi cell axon will be inhibited
(Eccles et al, 1967). Recently, computer modelling has put forward the possible
role of Golgi cells in regulating the timing of granule cell firing and in mediating
oscillations in cerebellar activity (Hartmann and Bower, 1998). Work by the
group of Maex and de Schutter showed that mossy fibre inputs lead to rhythmic
and oscillatory firing o f granule and Golgi cells (Maex and de Schutter, 1998).
Furthermore, synchronised firing occurs in Golgi cells located in the longitudinal
plane (i.e. along the parallel fibres; Vos et al, 1999).

The functional role played by the Golgi cell in the cerebellar circuitry is further
complicated by its connections with climbing fibre collaterals, Purkinje cell axon
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collaterals, the molecular layer intemeurons, and the Lugaro cell. Although little
information is currently available concerning these connections, the role of the
Golgi cell in cerebellar function is likely to be a significant one. Ablation of the
Golgi cell by genetic means proved detrimental to compound motor coordination,
resulting in compromised balance and an ataxic gait (Watanabe et al, 1998).
Although some recovery of balance was observed over several days, motor
coordination and adaptation remained disabled. The ablation of Golgi cells not
only removed the inhibition onto granule cells, it also led to the loss of NMDAR
expression in granule cells (Imamura et al, 2000).

1.10.6 Profile o f cerebellar development

The cerebellum undergoes a lot of its development after birth (Altman and Bayer,
1997) and this growth can be divided into: (1) the neonate and infantile phase, and
(2) the juvenile and young-adult phase. In the rat, the first phase stretches from
birth (embryonic day (E)22 or postnatal day (P)0) to P21 when weaning typically
takes place in laboratory settings. The cerebellum as a whole increases in volume
by over
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times, the fissures deepen and the convoluted appearance becomes

more and more prominent. It is during this period that cell migration, growth of
dendrites and axons, synapse formation and the maturation of the circuitry take
place. The second phase extends from P21 to P60. Synaptic organisation
continues but the changes are far more subtle and much less understood.

Purkinje cells and deep cerebellar nuclei neurons in the rat develop in the
cerebellum during the late embryonic stage, and Golgi cells begin to be
discernable at E l9. There is very little or no molecular layer during the first few
days after birth. Granule cells migrate from the external granule cell layer, leaving
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their newly-formed axons to form the molecular layer. They pass through the
Purkinje cell layer and into the internal granule cell layer. The molecular layer
intemeurons and Golgi cells migrate from the white matter, and the generation of
Golgi cells has already slowed considerably by P4 (Zhang and Goldman, 1996).

In the slices from mouse cerebellum used in this study, the molecular layer was
almost indiscernible at P5, with Purkinje cells sitting between the external and
internal granule cell layer. Although Golgi cells could be identified and patched at
P5, only few spontaneous synaptic responses were observed. By P7, one could
clearly delineate the molecular layer and synaptic responses were readily evoked
by stimulation of the molecular layer, indicating that synapses with parallel fibres
had already formed. Furthermore, mossy frbre-to-granule cell and Golgi cell-togranule cell synaptic responses can be evoked at P7 (Cathala L, Brickley S,
personal communication). At this age, the mouse pup barely moved. By P I 5-18,
the pups were inquisitive and running around the cages. The molecular layer as
observed in slices was thick and the external granule cell layer was hardly visible.
The internal granule cells were more tightly packed and the degree of myelination
was higher.
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1.11 Aims o f the present study

This aim o f this study was to examine the subunit composition of NMDARs
participating in synaptic transmission in the mouse cerebellar Golgi cell. The
differential localisation of NMDAR subtypes at synaptic and extrasynaptic sites
was also investigated. Whether NMDAR subunit composition and differential
localisation changes during postnatal development of the Golgi cell was further
considered.

In Chapter 3, an investigation of the properties of functional NMDARs at Golgi
cell synapses was carried out using the whole-cell patch-clamp technique. The
amplitude and decay kinetics o f NMDAR-mediated synaptic currents have been
characterised. The possible subunit composition of the synaptic NMDA receptors
was further examined using NR2 subunit-selective agents. The biophysical and
pharmacological properties of synaptic NMDA receptors were then compared in
Golgi cells at different ages.

Chapter 4 investigates whether the developmental changes in NMDAR subunit
composition observed with synaptic NMDA receptors in the Golgi cell also
occurred at extrasynaptic sites. Brief high-frequency trains of stimuli were used to
increase glutamate release, generating diffusion of the neurotransmitter away from
the synapse and thereby activating extrasynaptic NMDA receptors. The kinetic
and pharmacological properties of those currents generated by a train of stimuli
were compared with those generated by a single stimulus.

Golgi cells are known to express NR2B- and NR2D-receptors in the cell body
(Misra et al, 2000a). Chapter 5 addresses whether these two subunits co54

assemble to form functional triheteromeric NR1/NR2B/NR2D assemblies with
different properties. The strategy used was to compare the properties of NMDARs
in wild-type

and NR2D-knockout mice.

The

conductance,

kinetic

and

pharmacological properties o f NMDA-activated single-channels in outside-out
patches excised from Golgi cells were compared between wild-type and NR2Dknockout mice. Furthermore, we investigated whether the NR2D subunit
participates in synaptic transmission by examining the properties of NMDARmediated synaptic currents in the two animal strains.
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CHAPTER 2

METHODS
AND MATERIALS
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2.1 Acute slice preparation

Coronal and parasagittal cerebellar slices were prepared from C57BL/6 mice at
postnatal days 7-8 (P7-8), 15-18 (P15-18) and 36-39 (P36-39; Harlan, UK;
colonies also maintained in-house by Biological Services, UCL). For single
channel recordings, P7-10 C57BL/6 and NR2D-knockout (-/-) mice (Ikeda et al,
1995; see section 2.7) were used. Following decapitation (in accordance with
the UK Animals (Scientific Procedures) Act 1986), the head was immersed in
ice-cold (0-4°C) ‘slicing’ solution oxygenated with 95%C02 and 5%02. The
brain was quickly removed and placed in a fresh beaker of slicing solution.
With a razor blade, the cerebellum was dissected from the cerebrum and the
brainstem, and the cerebellar hemispheres were removed. Gently, pial
membranes were peeled off with fine forceps. The dissected cerebellar vermis
was then glued onto the stage (embedded in ice) o f a vibrating microslicer
(DTK-1000 Dosaka Co. Ltd, Kyoto, Japan) and bathed in fresh ice-cold slicing
solution. Slices of 150-300pm thickness were cut and transferred to a bathing
chamber containing oxygenated slicing solution at room temperature (1822°C) or at 31°C. The bathing chamber consisted o f a glass beaker with a
suspended sheet o f nylon mesh or surgical gauze on which the slices rest. A
mixture of 95%C02 and 5%02 was bubbled in a separate compartment, with
the slicing solution being in free flow within the beaker. The slices were
incubated at room temperature or at 31°C for one hour, and subsequently
maintained at room temperature for up to 9 hours.

2.2 Druss and solutions

The composition of the slicing solution was (mM): NaCl, 125; KCl, 2.5;
CaCh, 1; MgCl2 , 4; NaHCOg, 26; NaH2P0 4 , 1.25; glucose, 25; pH 7.4 when
bubbled with 95%C02 and 5%02- The solution was made on the day of use by
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dilution of a ‘ten-times’ concentrated stock solution of NaCl, KCl, NaHCOg
and NaH 2 ? 0 4 . CaCl], MgCl2 and glucose were added before the solution was
diluted to the appropriate volume. To reduce cell damage, the competitive
NM DAR antagonist D-AP5 (10-25pM) or the competitive non-specific
glutamate receptor antagonist kynurenic acid (Im M ) was included in the
slicing solution used during slicing and incubation. After the slicing procedure,
the cerebellar slices were maintained in slicing solution containing 2mM
MgCl2 (instead o f 4mM MgCl2 used during slicing). This was to facilitate the
removal of Mg^"^, necessary for the recording o f currents through NMDARs at
negative holding potentials (see Section 2.4 and Figure 2.2).

The bathing solution used for the recording o f synaptic currents was of similar
composition, except that CaCl2 was increased to 2mM and MgCl2 was omitted.
For outside-out patch recordings, the bathing solution was the same as the
slicing solution, except that MgCl2 was omitted. Solutions were bubbled with
95%C02 and 5%02 for at least 20mins before use or perfusion. Solutions were
bath-applied to the recording chamber via gravity feed with a flow rate of 11.5ml/min. The recording chamber contained approximately 1.5ml o f solution
and drugs were allowed to equilibrate for at least 4 minutes before recordings
were made in the presence o f the drug. The internal solution used for whole
cell recordings contained (in mM): CsF, 95; CsCl, 45; A-2-hydroxyethylpiperazine-A-2-ethanesulphonic acid (HEPES), 10; ethyleneglycol-bis(baminoethylether)-A,A,A',A-tetraacetic acid (EOTA), 10; NaCl, 2; Mg-ATP, 2;
QX-314, 1; TEA-Cl, 5; adjusted to pH 7.2 with CsOH; 270-290mOsM. For
outside-out patch recordings, an internal solution of the following composition
was used (in mM): CsCl, 140; NaCl, 4; CaCl2 , 0.5; HEPES, 10; EOT A, 5; MgATP, 2 (adjusted to pH 7.3 with CsOH). Aliquots of internal solution were
thawed on the day o f use and stored at -20°C for no more than one month.
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Drugs were dissolved in de-ionised water, with the exception of 6-cyano-7dinitro-quinoxaline-dione (CNQX), 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzoqumoxaline-7-sulfonamide (NBQX) and A^A^#'#-tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN) which were dissolved in DMSO. Drugs were made up
and stored as stock solutions at 1000 times the final concentration. Aliquots
were stored at -20°C and thawed on the day o f use. All drugs were purchased
firom Tocris (Bristol, UK), Sigma-Aldrich (Dorset, UK) or Research
Biomedicals Inc. (Natick, MA, USA).

2.3 Patch electrodes

Patch pipettes were made from thick-walled borosilicate glass capillary tubing
(GC-150F; Clark Electromedical, Pangboume, UK, or Harvard Apparatus Ltd,
Edenbridge, UK) on a two-stage puller (Narashige, Japan) on the day of use.
The glass capillary tubing was lightly fire-polished at both ends before pulling:
this was to minimise the scraping o f the AgCl layer on the wire electrode when
mounting the patch pipette onto the pipette holder. The necks o f patch pipette
tips were coated with Sylgard (Dow Coming 184). As calculated fi*om the
current during a 5mV step (generated by the amplifier), patch pipettes for
whole-cell recordings had tip resistances o f 5 -10MB in solution. Pipettes of
the same dimensions, but without the Sylgard coating, were used as
stimulation pipettes. For outside-out patch recordings, pipettes had tip
resistances of -10M B and the tips were fire-polished.

2.4 Identification o f G olsi cells

Golgi cells are located in the internal granule cell layer (Ramon y Cajal, 1911;
Palay and Chan-Palay, 1974; Dieudonné, 1995, 1998; Misra et al, 2000a).
They were easily distinguished fi*om surrounding granule cells by their larger
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round cell bodies, approximately three to six times the size of granule cells or
about half to two-thirds of the size o f Purkinje cell bodies. The trunk of the
ascending dendritic tree, in the direction o f the molecular layer, was often
visible. At P I 5-18, the granule cell layer was densely packed and only Golgi
cells near the surface of the slice could be visualised. At P36-39, the high
degree of myelination further reduced visibility and the probability of finding
Golgi cells in slices was very low indeed. Golgi cells appeared to be more
fragile than Purkinje cells and very often did not survive in acute slices (at
P I 5-18 and P36-39). As their dendritic and axonal trees are so extensive and
spanning in all directions (see section 1.10.3 and Figure 1.2), Golgi cells may
be easily susceptible to damage by mechanical stress.

In cell-attached mode, Golgi cells were observed to fire spontaneously and
regularly with a mean frequency o f 8.2 ± 0.7Hz (n=59; Figure 2.1; c.q. 3.0 ±
0.4Hz in rat slices (Dieudonné, 1998) and 14.5 ± 0.6Hz in extracellular
recordings in cats (Edgley and Lidierth, 1987). No differences in the rate of
spiking were observed between Golgi cells at different ages (P7-8, 7.4 ±
1.3Hz, n=14; P15-18, 8.4 ± l.lH z , n=35; P36-39, 9.3 ± 1.4Hz, n=9; p > 0.5,
one-way ANOVA). Golgi cells were further distinguished from surrounding
granule cells by their relatively slow current transients in response to a 5mV
voltage step when patched in whole-cell configuration. The mean whole-cell
capacitance (as determined directly from the amplifier settings) of P7-8 Golgi
cells was 18.0 ± 0.5pF (n=72). Golgi cells at ages P15-19 and P36-39 had
similar mean capacitances (respectively, 18.6 ± 0.4pF (n=91) and 16.6 ± 0.6pF
(n=l 1); j9>0.1, one-way ANOVA).
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2.5 R ecordin g vrocedu res

Slices were transferred to a recording chamber on a fixed-stage Axioskop-FS
microscope (Zeiss, Welwyn Garden City, UK), and were visualised using a
40x or a 60x water-immersion objective (total magnification, 400-960x) and
Nomarski differential interference contrast (DIG) optics. All experiments were
conducted at room temperature (18-22°C).

Slices were washed in Mg^’^-ffee recording solution for at least 45 minutes
before cells were patched. The NMDAR-mediated component was readily
recorded at a holding potential o f -80mV after washing the slice for over 45
minutes in nominally Mg^^-ffee recording solution (Figure 2.2). The channel
block by Mg^"^ occurs at negative potentials, as shown by the ‘J ’- or tick
shaped current-voltage (I-V) relationship in Figure 2.2A (right panel). The
linear I-V plot after an hour of washing indicates successful removal of Mg^^
and no further change in the I-V relationship was observed at two hours after
washing (Figure 2.2B and C, right panels).

All recordings were made using an Axopatch 200A amplifier (Axon
Instruments, Foster City, CA, USA).

Golgi cell spike spontaneously

(Dieudonné, 1998) and the firing o f Golgi cells were sometimes recorded in
the cell-attached configuration. Golgi cells were examined in the whole-cell
configuration and were voltage-clamped at -80mV (unless otherwise stated).
Series resistance and capacitance measures were determined directly from the
amplifier settings during 5mV steps in command voltage, and were checked
every 5-20mins during recording. Recordings were not included in the analysis
if the series resistance changed for more than 20% during the recording. On
average, Golgi cells in the whole-cell mode had a capacitance of 18.2 ± 0.3pF
and series resistance o f 15.0 ± 0.3MQ (n=174). The series resistance of
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F igure 2.1 Properties o f spontaneous firins

A, Recording o f spontaneous action potential spiking in cell-attached mode
from a P I 5 Golgi cell.
B, Analysis o f the firing pattern. Histogram of interspike intervals for 437
spikes from the recording shown in A. The mean firing frequency was 15.2Hz.
Inset, stability plot o f the interspike interval.
C, Autocorrelation o f the action potentials shown in A. The distinct and
regularly distributed peaks indicate the regularity in action potential firing.
D, The frequency o f spontaneous firing in Golgi cells appeared to have a
similar variance at different ages. There was no significant difference in the
mean firing frequency between P7-8 (7.4 ± 1.3Hz, n=14), P15-18 (8.4 ± 1.1 Hz,
n=35) and P35-39 (9.3 ± 1.4Hz, n=9; p > 0.5, one-way ANOVA). The mean ±
S.E.M. values are plotted at the median o f each age group.
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recordings from P7-8 and P I 5-18 Golgi cells was similar (P7-8, 14.1 ± 0.5MQ,
n=25; P15-18, 15.2 ± 0.5MQ, n=91; p > 0.05, Mann-Whitney U). However,
series resistance was significantly higher by P35-39 (19.3 ± 1.3MÜ, n= l 1; p <
0.005, one-way ANOVA). Series resistance compensation (65-75%, typically
5ps lag time) was employed during whole-cell recordings o f Golgi cells.
Holding currents at -80mV were typically -50 to -300pA.

Two populations o f spontaneously-occurring synaptic currents were observed:
both had fast rise-times but one population exhibited rounded peaks and
decayed more slowly (Dieudonné, 1995, 1998; Dumoulin et al, 2001). These
slowly-decaying events were inhibitory postsynaptic currents (IPSCs) as they
were

abolished

by

the

GAB A

receptor

methoxyphenyl)-1-pyridazinebutanoic

acid

antagonists

hydrobromide

6-imino-3-(4(SR93351

or

Gabazine, lOpM), bicuculline (lOpM) or picrotoxin (lOOpM) and the glycine
receptor antagonist strychnine (lp.M). The other population was EPSCs, which
were sensitive to the NMDA receptor antagonist D-AP5 (50pM) and the nonNMDA receptor antagonist NBQX (5pM; see Section 3.3.1.1 and Figure 3.1).
EPSCs were examined in the presence o f the GABAergic and glycinergic
receptor antagonists, with the addition o f glycine (lOpM) to enable NMDA
receptor activation. Spontaneously-occurring EPSCs (sEPSCs) were recorded
for 5 to 20mins under each experimental condition. Miniature EPSCs
(mEPSCs) were recorded in the presence o f IpM tetrodotoxin (TTX) for at
least 30mins.

Afferent inputs were stimulated by means o f a platinum wire dipped in a patch
pipette filled with recording solution and connected to an isolated stimulator
(Neurolog DS2A; Digitimer Ltd, Welwyn Garden City, UK). This stimulating
electrode was positioned on the surface of the molecular layer adjacent to the
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Figure 2.2 Removal o f

revealed an NMDAR-mediated component at -

80mV

A, Parallel fibre-evoked EPSCs recorded fi-om a P7 Golgi cell voltage-clamped
at -80mV. Left, average parallel fibre-evoked EPSC at 10 minutes after
perfusing Mg^^-free recording solution (containing lOpM SR93351, IpM
strychnine and lOpM glycine; black trace). For comparison, the average EPSC
in 50p,M D-AP5 (recorded at the end o f the experiment) is shown in grey.
Right, I-V relationship of the NMDAR-mediated current for the same cell at 5
to 15 minutes after perfusion o f Mg^^-free solution, showing that the NMDAR
current was inhibited at negative potentials. NMDAR current amplitudes were
measured at 20ms after the AP5-insensitive non-NMDAR EPSC peak.
B, left, average EPSC recorded from the same cell as shown in A, at 1 hour
after perfusion o f Mg^^-free solution {black) and in 50pM D-AP5 {grey). The
panel on the right shows the corresponding I-V relationship of the NMDARmediated component, which had become linear.
C, an hour later, there was no further change in the NMDAR-EPSC amplitude
or in the NMDAR-EPSC I-V relationship.
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Figure 2.3 Stability plot o f parallel fibre-evoked EPSCs

A, Average waveforms o f parallel fibre-evoked EPSCs recorded at -80mV
from a P7 Golgi cell at 5 minutes {left), 70 minutes {middle) and 150 minutes
{right) from the beginning o f the recording.
B, i, Stability plot o f the non-NMDAR EPSC peak amplitude of individual
EPSCs {open circles) over 2.5 hours. The mean values are shown as filled
circles.
it, stability plot o f the holding current over the same period
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recorded Golgi cell. The intensity and duration of the stimulation pulse
(typically 15-35V and 40-200p,s) were set such that the failure rate was 5-10%
and at least half o f the EPSCs produced exhibited a monophasic rise phase.
Single stimuli were delivered at 0.3Hz and 100 sweeps were typically recorded
under each experimental condition. For high-frequency train stimulation, the
interval between each sweep was 10s and 10-20 sweeps were recorded under
each condition. As illustrated in Figure 2.3, EPSC recordings remained stable
and robust over two hours o f recording.

2.6 Data acquisition and analysis

2.6.1 Synaptic currents

All current records were stored on digital tape (DTK-1204; BioLogic, Claix,
France; DC-20kHz) with the amplifier filter (4-pole lowpass Bessel type) set at
lOkHz. Records o f sEPSCs and mEPSCs were replayed from tape, filtered at
2kHz (-3dB, 8-pole lowpass Bessel filter) and digitised at lOkHz or 20Hz
(digidata 1200; Axotape or pClampS, Axon Instruments). Evoked EPSCs were
recorded directly onto computer and sampled at lOkHz (pClampS).

sEPSCs were identified as rapid downward deflections (with a rise-time of
approximately 1ms) from the digitised records and were analysed using ‘N ’
version 5.0 software (written by Stephen Traynelis; Emory University, Atlanta,
GA, USA). Records digitised at 20kHz were used for the analysis of nonNMDAR-mediated EPSCs. Average waveforms of sEPSCs and mEPSCs were
constructed by aligning each event on their initial rising phase (‘N ’ version 5).
Parallel fibre-evoked EPSCs were aligned on the stimulus artefacts and
average waveforms (at least 50 sweeps for single EPSCs and 10-20 sweeps for

69

EPSCs generated by a train o f high-frequency stimuli) were constructed after
baseline subtraction (pClampS). EPSCs with multiphasic rises or multiple
peaks were excluded from analysis.

The amplitude o f the NMDAR-mediated component o f sEPSCs was measured
at 10ms after the non-NMDAR peak (average of 2ms) when the fast nonNMDAR-mediated component had returned to baseline. Because the nonNM DAR parallel fibre-evoked EPSC decayed more slowly than non-NMDAR
sEPSCs, the NM DAR current amplitude o f evoked EPSCs was measured at
20ms after the non-NMDAR current peak (average of 2ms). For NMDAREPSCs produced by high-frequency trains, the current amplitude was
measured at 40ms after the final non-NMDAR EPSC peak. The charge transfer
o f the NMDAR-mediated sEPSCs and evoked EPSCs was measured by
integrating from 10ms and 20ms after the non-NMDAR EPSC peak,
respectively, for a duration o f Is and subtracting the charge transfer of the nonNM DAR EPSC (recorded in 50pM D-AP5). The charge transfer of EPSCs
produced by high-frequency trains were integrated over 2.5s.

The decay waveforms of sEPSCs, evoked single EPSCs and EPSCs produced
by a train o f stimuli were fitted from 10ms, 20ms and 40ms after the nonNMDAR current peak, respectively. The decay time was fitted for 1-1.5 s in the
case o f sEPSCs and evoked single EPSCS, and for 3 s in the case of a train of
EPSCs. To determine the decay kinetics o f NMDAR-EPSCs, the decay
waveforms o f EPSCs were fitted using nonlinear least squares fitting (Origin
6.0, Microcal, Northampton, MA, USA). Most sEPSC and evoked EPSC
decay waveforms (except sEPSCs at P I 5-18, see below) were best described
by the sum o f two exponential functions:

70

-^ (0

-^fast ®^P("^/^fast)

-^slow ® ^ P (”^/^slow)

where Xfast and Xgiow are the decay time constants of the fast and slow
components, and Af^st and ^siow are their respective amplitudes. The weighted
m ean decay time constant (x^) was then calculated by:

[ -^fast

! (-^fast

-^slow) ] ^fast

[ -^slow

I (-^fast

-^slow) ] ^slow

sEPSCs at PI 5-18 were best described by a single exponential function:

A(t)= A exp(-r/x)

where x is the decay time constant and A is the amplitude. The fits were
constrained to return to baseline. For comparison purposes, the mean decay
time constant of NMDAR-EPSCs was also determined by a fit-independent
method: by dividing the charge transfer o f the EPSC by the amplitude.

2.6.2 Sinsle-channel current recordings

Single-channel current records were collected on digital audiotape (DC - 20 kHz;
DTK-1204; BioLogic, Claix, France), with the amplifier filter (4-pole Bessel
type) set at 10 kHz. For analysis of single-channel currents, the records were
replayed from tape, filtered at 2 kHz and digitized at 10 kHz (Axotape, pCLAMP
6.1, Axon Instruments).

The time-course fitting method was used to analyse the transitions between the
various conductance levels in greater detail (Colquhoun and Sigworth, 1995;
SCAN and EKDIST; http://www.ucl.ac.uk/Pharmacology/dc.html). For this
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analysis, the currents were replayed from tape, filtered at 2 kHz and digitised at
10 kHz via a CED 1401+ interface (Cambridge Electronic Design, Cambridge,
UK). Individual openings were then fitted with the step response function of the
recording system. Events briefer than 2 filter rise times were excluded from the
analysis of fitted amplitudes. In contrast to all-point amplitude distributions, the
resulting fitted amplitude distributions convey no information regarding the time
spent at any given amplitude. Kinetic information was obtained from analysis of
open period and shut time distributions and the subsequent calculation of open
probability.

The unbinned amplitude data were fitted to the sum o f two or three Gaussian
components, using the maximum likelihood method, to give mean amplitude
levels of the single-channel currents. The Gaussian fits of the amplitude
histogram were used to estimate the critical amplitude (A<^t) that would serve as
a ‘cut-off between the 40 and the 50 pS conductance states (Howe et al, 1991).
Acrit was chosen as the value that resulted in the least number of misclassified
events within each group. This critical amplitude approach was chosen in order
to analyze the open-period kinetics of high conductance openings (openperiodHiGu) and therefore calculate the open probability of this high conductance
NINIDAR population

(P o p e n (h ig h ))

with

little

contamination

from

low

conductance NRl/NR2D-like openings. For wild-type NMDAR openings, only a
fraction of the 8+1 % misclassified events will arise from low conductance
NRl/NR2D-like openings, as the majority of misclassified events will
correspond to the sub-conductance state (~40 pS) of the high conductance
openings (see section 5.3.1).

Ifenprodil inhibition curves were fitted with a modified form of the Hill equation
with the fit weighted to the standard deviation at each concentration using Igor
Prc (Wavemetrics, Lake Oswego, OR, USA):
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I = W ( 1 + ([A]/IC5o)" + (1 0 0 - W

Where I is the response magnitude, 7 ^ is the maximal inhibition of the response,
[A] is the concentration of ifenprodil, IC 50 is the concentration of ifenprodil
required to reduce the response to 50% of the maximum block, and n is the Hill
slope.

A simple modification of this single component model (see Kew et al, 1998)
was applied to the data when attempting to describe the presence of a high
(IC50(H)} and a low affinity (IC 50(d) ifenprodil inhibition:

/ = [W V (1 + (M/ICsom)"'^)] + [W A ,/(l + ([A]/IC;o(L)M
+

- Itnax(H) ~ Imax(L)\

2.6.3 Statistical analysis

Average data are expressed as mean ± S.E.M. (n = number of cells). Error bars
in graphs represent S.E.M.. The distribution o f data groups was first tested for
normality using the Shapiro-Wilks’ W test (Statistica 5.1, StatSoft Inc, Tulsa,
USA). Statistical significance between two groups of normally-distributed data
was tested using the paired or unpaired two-tailed Student’s t tests. Otherwise,
the non-parametric Wilcoxon matched-pairs test or Mann-Whitney U test was
used. For comparison o f more than two data groups, the one-way ANOVA test
was performed (Statistica 5.1 or Microsoft Excel). Correlations were tested for
significance using the Spearman R coefficient and were illustrated by a linear
regression (least squares fit) line. Statistical comparisons were considered
significant at/? < 0.05.
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2.7 N R2D -knockout m ice

NR2D-knockout (-/-) mice were a generous gift from M ishina’s group (Ikeda
et al, 1995) and were maintained in-house by Biological Services, UCL. Prior
to performing this study, the genetic background of the NR2D-knockout strain
had been purified by a series of seventeen backcrosses into the C57BL/6 strain,
such that the NR2D-knockout strain was 99.99% genetically homogeneous with
our wild-type controls (Takeuchi et al, 2001). We did not observe any gross
differences in terms o f behaviour or animal size compared with wild-type
C57BL/6J mice. The general morphology of the cerebellar slices also appeared
similar.
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CHAPTER 3

PROPERTIES OF NMDAR- MEDIATED
SYNAPTIC CURRENTS
DURING CEREBELLAR
GOLGI CELL DEVELOPMENT
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3.1 Summary

1. To investigate the properties o f NMD A receptors expressed at synapses in
cerebellar Golgi cells, patch-clamp recordings were made from cells in acute thin
cerebellar slices from mice. Golgi cells at three ages were studied: at 7-8 days
after birth (P7-8), at 15-18 days (PI 5-18) and at 36-39 days (P36-39).

2. Spontaneously-occurring EPSCs (sEPSCs) were readily identified in whole-cell
voltage-clamp recordings. The component mediated by NMDARs was found to
decline in amplitude with age.

3. The decay kinetics o f the NMDAR-mediated sEPSC became faster between P78 and P I 5-18. The weighted mean decay time constant was decreased from 70.4 ±
4.3ms (n=22) to 44.9 ± 5.0ms (n=13).

4. The acceleration in decay kinetics was accompanied by changes in the
pharmacological properties of the NMDAR-mediated sEPSCs. Inhibition by the
NR2B-selective antagonist ifenprodil (lOfiM) was reduced from 65.3 ± 2.4%
(n=4) at P7-8 to 21.6 ± 3.5% (n=6) at P15-18. Sensitivity o f NMDAR-mediated
synaptic currents to the Zn^^ chelator TPEN (which affects NR2A-containing
receptors; IpM) was increased from 31.5 ± 6.6% (n = ll) to 109.1 ± 59.8% (n=4)
between P7-8 and P I 5-18.

5. Interestingly, the ifenprodil sensitivity of sEPSCs at P I 5-18 was higher when
ifenprodil was applied in the presence o f TPEN. This was not observed in sEPSCs
recorded from P7-8 Golgi cells.
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6. The parallel fibre to Golgi cell synapse was studied in isolation by stimulating
afferent parallel fibres in the molecular layer. Parallel fibre-evoked EPSCs
mediated by NMDARs displayed similar changes in decay kinetics and
pharmacology between P7-8 and P I 5-18. Evoked EPSCs from older animals
exhibited faster decay kinetics (P15-18, 79.9 ± 3.2, n=54; P7-8, 110.3 ± 4.7ms,
n=24), were more sensitive to potentiation by TPEN (P15-18, 141.6 ± 68.1%,
n=4; P7-8, 38.4 ± 19.2%, n=6), and were less susceptible to inhibition by
ifenprodil (P I5-18, 17.7 ± 4.6%, n=9; P7-8, 76.7 ± 4.6%, n=8).

7. It is concluded that the majority of NMDARs at Golgi cell synapses appear to
display properties o f the NR2B subtype at P7-8. A week later in development, the
acceleration in decay kinetics, the decreased ifenprodil sensitivity and the
increased effect o f TPEN are consistent with the idea of an increased contribution
of NR2A-containing receptors at these synapses.

3.2 Introduction

The NMDA receptor plays important roles in brain physiology. It is required for
neuronal development and synapse formation, it can mediate a substantial
component o f synaptic currents to affect cell firing and it induces certain types of
plasticity. Elucidating the properties of this subtype of ionotropic glutamate
receptor, and how these properties develop as the brain matures, is essential to the
understanding and study of excitatory synaptic transmission.
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With the advent o f molecular cloning, the in situ hybridisation and immunolabelling techniques are often used to reveal the mRNA and protein expression of
receptor subtypes in neurons. However, these techniques are less suitable when it
comes to studying sparsely located cell types. The patch-clamp technique not only
enables us to visually select the cell to be studied, it also provides us with
information

on functional receptors.

With

the

availability o f selective

pharmacological agents, we can selectively manipulate receptor subtypes and
hence identify the subunit composition of receptors expressed.

It has been shown that the properties of NMDAR-mediated whole-cell and
synaptic currents change during development (Carmignoto and Vicini, 1992;
Hestrin, 1992; Flint et al, 1996; Kirson and Yaari, 1996; Takahashi et al, 1996;
Stocca and Vicini, 1998; Rumbaugh and Vicini, 1999; Cathala et al, 2000).
Although the magnitude of NMDAR-mediated synaptic currents has been
reported to increase, decrease or remain unchanged in various cell types, the
decay kinetics of these currents generally becomes faster with age (Carmignoto
and Vicini, 1992; Hestrin, 1992; Kirson and Yaari, 1996; Takahashi et al, 1996;
Stocca and Vicini, 1998; but see Cathala et al, 2000). This developmental change
in synaptic decay kinetics is thought to reflect the functional expression of
different NR2 subunits in the NMDAR complex (Monyer et al, 1994; Flint et al,
1996; Plant et al, 1997; Tovar and Westbrook, 2000). This idea is further
supported by changes in sensitivity of NMDAR-mediated synaptic currents to
subunit-specific antagonists during development (Stocca and Vicini, 1998;
Rumbaugh and Vicini, 1999; Tovar and Westbrook, 1999; Cathala et al, 2000).

Whether similar changes occur in inhibitory neurons during development has been
less well studied. Golgi cells are GABAergic neurons located in the internal
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granule cell layer of the cerebellar cortex. These cells are important in controlling
the excitation of the numerous granule cells (Eccles et al, 1966; Maex and de
Schutter, 1998; Vos et al, 1999; Watanabe et al, 1998). Although Golgi cells can
be distinguished by their location and their large-sized cell bodies, they are greatly
outnumbered by the surrounding granule cells. This renders the in situ
hybridisation technique less effective in resolving the NMDAR subunits
expressed in Golgi cells (unless they express subunits not present in granule cells).

Previous work on the rat cerebellar Golgi cell by Misra et al (2000a) demonstrated
functional NMDARs in the cell soma and at synapses. Interestingly, other
inhibitory neurons in the cerebellar cortex, the stellate/basket cell and the Purkinje
cell, do not express synaptic NMDARs (Kano et al, 1988; Hirano 1990; Perkel et
al, 1990; Clark and Cull-Candy, 2002). This chapter investigates the properties of
NMDARs at Golgi cell synapses and whether these properties change with
development. The characteristics of NMDAR-mediated synaptic currents recorded
from mouse cerebellar Golgi cells will be described from animals at 7-8 (P7-8),
15-18 (P I5-18) and 36-39 days old (P36-39). Various properties, including the
amplitude, the decay time-course and the sensitivity to pharmacological agents
selective for particular NR2 subunits, are compared.
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3.3 Results

3.3.1 Chanses in the properties o f spontaneous EPSCs durins development

As Golgi cells also receive GABAergic and glycinergic inputs (Dieudonné, 1995,
1998; Dumoulin et al, 2001), glutamatergic EPSCs were isolated in the presence
of the GABAa receptor antagonist SR95531 (lOpM) or picrotoxin (lOOpM), and
the glycine receptor antagonist strychnine (500nM or lp.M). Glycine is required as
a co-agonist for NMDAR activation (Johnson and Ascher, 1987; Kleckner and
Dingledine, 1988) and 10p,M glycine was included in the recording solution to
facilitate NMDAR activation and to minimise variation in glycine concentrations
between experiments. All EPSCs were recorded at the holding potential of -80mV
and all experiments were conducted at room temperature (18-22°C).

sEPSCs at P7-8

Figure 3.1 A shows a trace of sEPSCs recorded under control conditions from a P7
Golgi cell. The frequency o f sEPSCs was typically 0.1-0.35Hz (0.22 ± 0.03Hz,
n=20). As is apparent from the examples of individual sEPSCs and the average
waveform of 178 sEPSCs shown in Figure 3.ID and 3.IE, sEPSCs in these cells
displayed two components (Dieudonné, 1998; Misra et al, 2000a). As expected,
the slow-decaying component was abolished by the competitive NMDAR
antagonist D-AP5 (50pM; Figure 3.IB, D and E). The fast-decaying component
was insensitive to D-AP5 (50pM) but was inhibited by the non-NMDAR
antagonist NBQX (5pM; Figure 3.1C). This non-NMDAR-mediated component
will be discussed in more detail in Section 3.3.2.
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The amplitude of the slow-decaying NMDAR-mediated component was measured
at 10ms after the non-NMDAR-mediated peak, by taking the average of 20 data
points (2ms at 10 kHz sampling rate), and has a mean value of -5.96 ± 0.45pA
(n=22) at P7-8. As is apparent from Figure 3.2A, the non-NMDAR component
had returned to baseline within 10ms of the non-NMDAR peak (indicated by the
vertical dotted line).

The decay time-course o f the average NMDAR-sEPSC was obtained by fitting the
current from 10ms after the non-NMDAR peak for 1 to 1.5 seconds. In 18 out of
22 cells, the decay time was best described by a sum of two exponential functions
(Figure 3.2B). The mean decay time constants for the fast (Xfast) and slow (TsIow)
components were 30.9 ± 5.5ms and 123.2 ± 10.9ms, respectively, with the fast
component contributing 50.4 ± 6.0% to the total current amplitude. The weighted
mean decay time constant (x^) for these 18 cells was 73.6 ± 5.0ms. In the
remaining 4 cells, the decay phase of the average sEPSC was best fitted with a
single exponential function. The mean decay time constant of these 4 cells was
57.0 ± 5.9ms. Taking all 22 cells together, the average (weighted mean) decay
time constant for sEPSCs at P7-8 was 70.4 ± 4.3ms and was independent of the
amplitude (Figure 3.2C; Spearman R = -0253, p > 0.2). Similar mean decay time
constants were obtained using a fit-independent measure (charge transfer divided
by amplitude: 71.2 ± 5.7ms, n=22;/? > 0.5, Mann-Whitney U).
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Figure 3.1 NMDAR sEPSCs from a P 7 G o lsi cell

A, trace of a whole-cell recording under control conditions (in the presence of
lOpM SR93351, IpM strychnine and lOpM glycine) at holding potential -80mV.
Events 1-4 are shown on an expanded scale in D.
B, sEPSCs in the presence of 50pM D-AP5 (NMDAR antagonist). Events 5 and 6
are shown on an expanded scale in D.
C, on perfusion of 50pM D-AP5 and 5pM NBQX (non-NMDAR antagonist), all
sEPSCs were abolished. The same scale bars apply to B.
D, under control conditions, sEPSCs have a fast-rising, fast-decaying component
and a slower-decaying component (traces 1-4, corresponding to 1-4 in A). The
slow component was abolished in 50pM D-AP5 (traces 5 and 6, corresponding to
5 and 6 in B), indicating that this component was mediated by NMDARs. The fast
component was mediated by non-NMDARs, as it was insensitive to 50pM D-AP5
but was abolished by NBQX (see C).
E, an average o f 178 sEPSCs recorded under control conditions {black) and an
average of 82 sEPSCs in 50pM D-AP5 {grey).
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Figure 3.2 D ecay kinetics o f sEPSCs from P 7 G o lsi cell

A, average control sEPSC recorded at a holding potential of -80mV (black). The
dotted vertical line indicates 10ms after the AP5-insensitive non-NMDAR EPSC
peak. By this time, the non-NMDAR EPSC (grey) has returned to baseline. The
NMDAR current amplitude (for sEPSCs) is measured at this time-point, average
of 20 data points (2ms at lOkHz sampling rate).
B, the decay time-course of the NMDAR current is fitted fi'om 10ms after the nonNMDAR EPSC peak. Best fitted with the sum of two exponential functions
(described by Xfast and Xsiowi ^^4, the average sEPSC from this P7 cell displayed a
weighted mean decay time constant (t^) o f 101.8ms.
C, a plot of NMDAR current amplitude against weighted mean decay time
constant (r^) for 22 cells at P7-8 shows that the decay time is independent of the
current amplitude (red, linear regression, R = 0.02, p > 0.9).
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3.3.1.2 P roperties o f sEPSCs at P I 5-18

Next, we examined the properties of sEPSCs a week later in development, at PIS
IS. Figure 3.3A shows a typical recording of sEPSCs under control conditions
from a P15 Golgi cell. The mean frequency of sEPSCs from cells in this age
group was not significantly different to that at P7-8 (0.19 ± 0.02Hz, n = \5 \p > 0.4,
Mann-Whitney U). As with sEPSCs at P7-8, individual sEPSCs at P15 were made
up o f fast- and slow-decaying components (Figure 3.3B), with the average nonNMDAR component returned to baseline within 10ms (indicated by the vertical
dotted line in Figure 3.3C). The mean amplitude of the AP5-sensitive slowdecaying component (measured at 10ms after the non-NMDAR peak) at this age
was -4.64 ± 0.75pA (n=22).

Unlike at P7-8, the decay time-course of NMDAR-mediated currents at P I5-18
was best fitted with a mono-exponential function (Figure 3.3D). Nine cells had
NMDAR currents that were too small for their decay time-course to be accurately
fitted, i.e. with amplitudes less than -3pA. The mean decay time constant of the
other 13 cells was 44.9 ± 5.0ms. The fitted decay time constants were independent
of the current amplitude (Figure 3.3E; Spearman R = 0.058, p > 0.5). Mean decay
time constants obtained by dividing the charge transfer by the current amplitude
were similar to the values obtained by fitting (46.8 ± 4.5ms, n=22; p > 0.5, MannWhitney U).
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Figure 3.3 sEPSCs from a P I 5 G olsi cell

A, whole-cell recording from a P15 Golgi cell under control conditions. Examples
of individual sEPSCs (1-4) are shown on an expanded scale in B
C, average control waveform o f 50 sEPSCs {black) and average waveform o f 40
sEPSCs in 50pM D-AP5 {grey). As with sEPSCs at P7, the non-NMDAR synaptic
current has returned to baseline levels by 10ms after the non-NMDAR peak
(indicated by the vertical dotted line).
D, the decay time-course o f the average sEPSC was fitted from 10ms after the
non-NMDAR EPSC peak and was best described by a single exponential function
{red). The decay time constant (x) for the average waveform was 47.7ms.
E, the decay time-course was independent of the NMDAR current amplitude as
shown in a plot of decay time constant (x) against current amplitude for 13 Golgi
cells at P15-18. Red, linear regression, R = 0.075,/? > 0.5.
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Figure 3.4 C om varins sEPSCs recorded from G olsi cells at P7-8, P I 5-18 and
P 36-39

A, average sEPSCs under control conditions {black) and in 50)liM D-AP5 {grey)
recorded from a P7 {left), P15 {middle) and P38 {right) Golgi cell.
B, the mean NMDAR current amplitude declined between P7-8 (n=22), P I 5-18
(n=22), and P36-39 (n=5). The open circles denote measurements from individual
cells and the filled circle is the mean amplitude ± S.E.M. for each age group
plotted at the median age. *,/> = 0.01, one-way ANOVA.
C, the decay time-course o f the NMDAR sEPSC became faster between P7-8
(n=22) and P I 5-18 (n=13). Readings from individual cells {open circles) and
mean decay time constant ± S.E.M. {filled circles) plotted at the median age. #, p
< 0.0005, Mann-Whitney U.
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3.3.1.3 Comvarison o f sEPSCs at P7-8, P I 5-18 and P 36-39

The amplitude of the NMDAR synaptic current decreased with age (Figure 3.4A
and B). At P36-39, the mean NMDAR-sEPSC amplitude was -1.25 ± 0.33pA
(n=5), and the overall change in amplitude between P7 and P39 was statistically
significant (p = 0.01, one-way ANOVA). The difference in amplitude between
P7-8 and P15-18 was also significant (-5.96 ± 0.45pA and -4.64 ± 0.75pA,
respectively, n=22 for each age group;p < 0.05, Mann-Whitney U).

Furthermore, the duration of the NMDAR synaptic current became significantly
shorter during the course of the second postnatal week (Figure 3.4C and Table
3.1). The decay time constant was reduced from 70.4 ± 4.3ms (n=22) to 44.9 ±
5.0ms (n=13;p < 0.0005, Mann-Whitney U) between P7-8 and P15-18. The decay
kinetics of sEPSCs at P36-39 could not be accurately determined: the currents
were too small for an accurate fit and the signal-to-noise ratio was too high for an
accurate measure o f the charge transfer.

3.3.2 Properties o f non-NMDAR sEPSCs

The fast-decaying non-NMDAR component was examined in isolation in the
presence of the NMDAR antagonist D-AP5 (50|uM). Typical examples are shown
in Figure 3.5A. At P7-8, the mean 10-90% rise-time and mean amplitude of the
non-NMDAR sEPSC were 263.3 ± S.Opsec and -57.0 ± 4.2pA, respectively
(n=21). The decay time-course of the non-NMDAR current was best fitted with
the sum of two exponential functions (Figure 3.5D), giving a weighted mean time
constant (t^) of 1.16 ± 0.06ms (Xfast, 0.93 ± 0.06ms; Xsiow, 8.10 ± 1.49ms; Afast,
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94.2 ± 1.0%). The

between cells was independent of the mean EPSC amplitude

(Figure 3.5E; Spearman R = 0.07,p > 0.7).

Since the Golgi cell has extensive apical dendritic arborisations extending through
the molecular layer (Ramon y Cajal, 1911; Palay and Chan-Palay, 1974;
Dieudonne, 1998), the distortion of EPSC amplitude and kinetics by dendritic
filtering is likely. In the P7 Golgi cell illustrated in Figure 3.5, a significant
positive correlation was found between the 10-90% rise-time and the mean decay
o f individual non-NMDAR sEPSCs (Figure 3.5C; Spearman R = 0.28, p < 0.005).
O f the 21 recordings made, a significant correlation was found between these two
parameters in 13 cells (Spearman R = 0.38 ± 0.03). (In the other 8 cells, the riseand decay times were independent o f each other; Spearman R = 0.07 ± 0.06.)
However, the current amplitude was independent of the 10-90% rise-time (data
not shown; Spearman R = -0.04 ± 0.04, n=21).

In contrast to the NMDAR-mediated component, sEPSCs mediated by nonNMDARs showed no changes in current amplitude between P7 and P39 (Figure
3.6A and B). There were also no significant differences in the 10-90% rise time,
Tfast, Tsiow, %fast or

(0.07 < p < 0.75, one-way ANOVA; Figure 3.6C and D). A

summary of values for all parameters is given in Table 3.1. Similar to the
observations at P7-8, individual non-NMDAR sEPSCs at P I 5-18 exhibited a
positive correlation between the 10-90% rise-time and the mean decay time (data
not shown; 12 o f 16 cells, Spearman R = OA ± 0.05) but the amplitude was
independent o f the 10-90% rise-time for all cells (Spearman R = 0.03 ± 0.05,
n=16).
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F igure 3.5 Non-NMDAR sEPSCs recorded from a P 7 G o lsi cell

A, examples o f individual sEPSCs mediated by non-NMDARs recorded from a
P7 Golgi cell in the presence o f 50p,M D-AP5.
B, amplitude histogram for 105 non-NMDAR sEPSCs from the same recording.
C, there was a significant correlation between the 10-90% rise-time and the mean
decay time o f individual EPSCs {red, linear regression, R = 0.27, p < 0.005),
indicating dendritic filtering.
D, average waveform o f 105 sEPSCs. The decay time-course was best fitted with
the sum of two exponentials (described by Tfast and Tgiow)» giving a weighted mean
time constant (r^) o f 0.97ms {red).
E, a plot o f the weighted mean decay time constant against the non-NMDAR
sEPSC amplitude (n=21). Linear regression {red) showed no significant
correlation (R = 0.065,/? > 0.7).
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Figure 3.6 Comparison o f non-NMDAR sEPSCs at P7-8, P I 5-18 and P 36-39

A, average sEPSCs recorded in the presence of SOpM D-AP5 from a P7 (left), P I 5
{middle) and P38 {right) Golgi cell.
There were no significant changes in (B) the non-NMDAR current amplitude, (C)
the 10-90% rise-time, and (D) the weighted mean decay time constant between P7
and P39 (0.05 < p < 0.75, one-way ANOVA). The mean values ± S.E.M. {filled
circles) are plotted at the median of each age group (P7-8, n=21; P I 5-18, n=15;
P36-39, n=4).
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T able 3.1 P roperties o f sEPSCs a t three a ses

NM DA R-EPSC

P7-8

P15-18

P36-39

-5.96 ± 0 .4 5 (22)* t

-4.64 ± 0 .7 5 (22)* t

-2.61 ± 0 .5 6 (5)*

amplitude^ (pA)

NM D A R
decay

Tfast (ms)

30.9 ± 5 .5 (22)

N ot determined

^siow(ms)

123.2 ± 1 0 .9

Afast (%)

50.4 ± 6.0

TwOr

70.4 ± 4 .3 * *

44.9 ± 5 .0 (13)**

-57.01 ± 4 .2 0 (21)

-57.43 ± 4 .3 0 (15)

-49.51 ± 3 .3 7 (4)

Tfast (ms)

0.93 ± 0 .0 6 (21)

0.74 ± 0 .0 4 (15)

0.84 ± 0 .1 4 (4)

Tsiow(ms)

8.10 ± 1.49

6.00 ± 1 .5 7

3.94 ± 0 .9 5

Afast (%)

94.2 ± 1 .0

77.4 ± 7 .7

93.2 ± 2 .5

Tw(ms)

1.16 ± 0 .0 6

0.99 ± 0 .0 6

0.98 ± 0 .1 3

263 ± 8 (21)

249 ± 8 (15)

255 ± 30 (4)

kinetics

I (ms)
non-NM D AR EPSC
peak am plitude (pA)
nonNM DA R
decay
kinetics

non-NM D AR 10-90%
rise tim e (ps)

Cells were voltage-clam ped at -80mV.
M ean values ± S.E.M. (num ber o f cells)
m easured at 10ms after non-NM D AR peak, average o f 2ms
t , /? < 0.05, M ann-W hitney U
*, /? = 0.01, one-way ANOVA
**, p < 0.0005, M ann-W hitney U

97

3.3.3 P arallel fibre-evoked EPSCs

Although Golgi cells receive inputs from both mossy- and parallel fibres (see
sections 1.10.3 and 1.10.4), mossy fibres are severed in the slice preparation and
the sEPSCs recorded most likely reflect release from parallel fibres (Dieudonné,
1998). To study the parallel fibre to Golgi cell synapse in isolation, we further
examined EPSCs generated by stimulation in the molecular layer. The mossy fibre
to Golgi cell synapse could not be studied in isolation as stimulation within the
internal granule cell layer resulted in a complex response (see Misra et al, 2000a).
The combination o f direct mossy fibre activation and indirect activation of parallel
fibres via excitation o f granule cells led to poly-synaptic responses that were not
amenable to analysis.

3.3.3.1 Comvarison o f evoked EPSCs at P7-8 and P I 5-18

We used a ‘minimal’ level of focal stimulation which generated evoked EPSCs
with a fast monophasic rise (indicating synchronous release) and a failure rate of
less than 10%. This intensity was typically 5V above threshold. Events with a
multiphasic rise or multiple (non-NMDAR) peaks were not included in the
analysis. The amplitude of the NMDAR component of evoked EPSCs was
measured at 20ms after the non-NMDAR peak and the decay time-course was
fitted from 20ms after the non-NMDAR peak (as opposed to the 10ms previously
used for sEPSCs).

The amplitude of parallel fibre-evoked synaptic currents is dependent on the
number of fibres activated (Carter and Regehr, 2000), so comparing absolute
values could be misleading. If one increased the number of parallel fibres
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activated, either by increasing the stimulation intensity or by using a stimulation
electrode with a tip of greater diameter, the magnitude of both the non-NMDAR
and NMDAR components were increased (Figure 3.7A and B). However, the ratio
of the NMDAR to non-NMDAR current amplitude remained unchanged (Figure
3.7C). One could therefore use this ratio for comparison of the NMDAR-mediated
current magnitude between the age groups. Because the non-NMDAR component
of sEPSCs did not change with age (section 3.3.2), any change in the
NMDAR:non-NMDAR amplitude ratio of evoked currents would indicate a
change in the size of the NMDAR component. The NMDAR to non-NMDAR
amplitude ratio was smaller at P I 5-18 (0.095 ±0.01; NMDAR amplitude, -18.5 ±
1.8pA; non-NMDAR amplitude, -220.6 ± 14.2pA; n=58; Figure 3.8B) than at P78 (0.13 ± 0.01; NMDAR amplitude, -22.0 ± 3.4pA; non-NMDAR amplitude, 155.4 ± 15.5pA; n=27; p = 0.01, Mann-Whitney U). This is comparable to the
change in NMDAR-sEPSC amplitudes between the two ages (evoked EPSCs,
%decrease = 26.9%; sEPSCs, %decrease = 22.1%; section 3.3.1.3).

As with spontaneous events, parallel fibre-evoked NMDAR-EPSCs became faster
between P7-8 and P I 5-18 (Figure 3.8A and C). The currents were best fitted by
two exponentials at both ages; the value of

for the NMDAR-EPSCs was 110.3

± 4.7ms (Xfast, 59.2 ± 7.1ms; Tgiow, 311.0 ± 44.4ms; Afast, 73.2 ± 3.9%; n=24) and
79.9 ± 3.2 (Tfast, 40.2 ± 3.8ms; Xsiow, 163.3 ± 9.4ms; Afast, 69.5 ± 3.5%; n=54) at
P7-8 and P I 5-18, respectively. The values o f x^, Xfast and Xsiow were significantly
different between the two age groups (x^, p < 5x10'^, unpaired t test; Xfast, p =
0.005, Mann-Whitney U; and Xsiow»P < 0.001, Mann-Whitney U). Fit-independent
calculation of the mean decay time constant gave similar values (P7, 123.9 ±
5.6ms, n=8; P15, 75.6 ± 12.4, n=6).
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Figure 3.7 Stimulation conditions affect the amplitude o f the non-NMDAR and
NMDAR components o f evoked EPSCs but not the ratio between the two
components

A, B, Increasing the stimulation intensity by 15V (above ‘minimal’ stimulation)
generated larger EPSCs, for both non-NMDAR {circles) and NMDAR {triangles)
components. Using a larger stimulation electrode and stimulating at ‘minimal’
stimulation intensity also increased the size of the evoked EPSC. This indicates
that the amplitude of EPSCs is dependent on the number o f afferent parallel fibres
activated. The mean ± S.E.M. values (filled) are calculated from four P7-8 and
four P I5-18 recordings {open). * , # , / ? < 0.05 for both data sets, one-way
ANOVA.
C, the ratio of NMDAR to non-NMDAR current amplitude was not significantly
affected (p > 0.3, one-way ANOVA), indicating that using a higher intensity or a
larger electrode produced parallel increases in the non-NMDAR and NMDAR
components.
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F igure 3.8 P arallel fîbre-evoked EPSCs at P 7-8 and at P I 5-18

A, average EPSC waveforms recorded under control conditions (black) and in
50|iM D-AP5 (grey). The panel on the left shows traces from a P7 Golgi cell, with
the arrow indicating where the stimulation artefact has been removed. The decay
phase of the NMDAR-mediated component was best described by the sum of two
exponentials (described by Tfast and TsIow; inset), giving a weighted mean decay
time constant ( t J in this example o f 106.2ms. The panel on the right shows
EPSCs recorded from a P15 Golgi cell. At this age, the decay time-course was
also best fitted with the sum of two exponentials (inset), giving a

of 60.1ms.

B, the ratio o f the NMDAR to non-NMDAR EPSC amplitudes was smaller at
P I 5-18 than at P7-8 (*, p = 0.01, Mann-Whitney U). The open circles represent
measurements from individual cells; the filled circles denote the mean value ±
S.E.M. plotted at the median age for each age group (P7-8, n=28; P15-18, n=58).
C, the decay time-course of parallel fibre-evoked NMDAR-EPSCs was
significantly faster by P I 5-18 (n=54) compared with EPSCs at P7-8 (n=25; #/? <
5x10^, unpaired t test).
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The decay time of evoked EPSCs was slower than that of sEPSCs at both ages
(Table 3.3). Golgi cell sEPSCs are likely to be quantal events (Dieudonné, 1998;
also see section 5.3.2.2) and stimulation of parallel fibres is likely to result in
multi-vesicular release or activation of several synapses since evoked nonNMDAR EPSCs are ~3 times the size of non-NMDAR-sEPSCs. The slower
decay of evoked EPSCs is likely to reflect the prolonged glutamate profile in the
synapse following multivesicular release at a single synapse or overlap of
activation at multiple synapses.

3.3.4 Developmental chanses in pharmacolo 2icalproperties

What is the molecular mechanism underlying the shortening of NMDAR synaptic
currents during development o f the Golgi cell? One possibility is a change in the
subunits making up the NMDAR assembly. Recombinant studies have shown that
currents through NR1/NR2A NMDARs have faster decay times compared with
NRI/NR2B receptor currents (Monyer et al, 1994; Table 1.1). The idea of a
developmentally regulated

switch

in

subunit composition,

from mainly

NR2B(s2)-containing NMDARs to a larger proportion of NR2A(61)-containing
ones, could explain the acceleration in decay kinetics observed between P7-8 and
P15-18.

To investigate this possibility, we used two pharmacological agents, ifenprodil
and TPEN, to identify the presence of NR2B and NR2A, respectively. Ifenprodil
is m atypical non-competitive antagonist selective for NR1/NR2B receptors
(Williams, 1993). The Zn^^ chelator TPEN potentiates currents through NR2A-
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containing receptors by relieving a high-affinity tonic inhibition by Zn^^ (Paoletti
et al, 1997; Traynelis et al, 1998).

3.3.4.1 Effects o f ifenvrodil and TPEN on NMDAR-mediated sEPSCs

The NR2B-selective antagonist ifenprodil (lOpM) significantly inhibited sEPSCs
by 65.3 ± 2.4% in P7-8 recordings (n=4; p < 0.05, Wilcoxon matched-pairs;
Figure 3.9). A week later in development (P I5-18), ifenprodil at the same
eoncentration inhibited synaptic currents by only 21.6 ± 3.5% (n=6; p < 0.05,
Wilcoxon matched-pairs). The statistically significant decrease in ifenprodil
sensitivity between P7-8 and P I5-18 {p = 0.01, Mann-Whitney U) is in
aecordanee with the idea that a decrease in NR2B expression underlies the
shortening of synaptic currents.

At both P7-8 and P I 5-18, NMDAR sEPSCs were significantly potentiated by
Ip-M TPEN (P7-8, 31.5 ± 6.6%, n = ll; p < 0.05, Wilcoxon’s matched pairs; P1518, 109.1 ± 59.8%, n=7; p < 0.01, Wilcoxon’s matched pairs; Figure 3.9B). The
inerease in TPEN sensitivity between the two age groups was significant ip <
0.02, Mann-Whitney U), consistent with the idea of an increase in the contribution
of NR2A to synaptic NMDARs in Golgi cells. As neither ifenprodil nor TPEN
affected the sEPSC frequency or the non-NMDAR peak amplitude (Table 3.2),
the effects observed on the NMDAR-mediated current most likely reflect direct
action on postsynaptic receptors rather than presynaptic manipulation (e.g. by
inhibition of voltage-gated Ca^"^ channels; Church et al, 1994).
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3.3.4 2 Pharm acological properties o f varallel fîbre-evoked EPSCs

Ifenprodil and TPEN had similar effects on parallel fibre-evoked EPSCs as on
sEPSCs (Figure 3.10). The sensitivity to ifenprodil (10|J,M) decreased from 76.7 ±
4.6% to 17.7 ± 4.6% between P7-8 and P I 5-18 (n=8 and n=9, respectively; p <
0.001, Mann-Whitney U). TPEN (IpM ) had a greater effect on evoked EPSCs
recorded from older animals, potentiating currents by 38.4 ± 19.2% at P7-8 (n=6)
and by 141.6 ± 68.1% at P I 5-18 (n=4;p < 0.05, Mann-Whitney U). The actions of
TPEN and ifenprodil on evoked EPSCs are also likely to be postsynaptic as
neither drug affected the peak amplitude o f the non-NMDAR component (Table
3.2).

Taken together, the pharmacology is consistent with a relative decrease in NR2B
expression and an increase in NR2A contribution to NMDARs at Golgi cell
synapses. In support o f this, the reduction in NR2B expression correlated with the
acceleration in the decay time of synaptic currents at the parallel fibre to Golgi
cell synapse (Figure 3.11; Spearman R = 0.68; p < 0.005). Because the amplitude
of the NMDAR component did not increase with age (see sections 3.2.1.3 and
3.2.4.1), NR2A-containing receptors are likely to be replacing NR2B ones at
Golgi cell synapses between P7 and P I 5. A comparison of decay and
pharmacological properties o f sEPSCs and evoked EPSCs is shown in Table 3.3.
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Figure 3.9 Effects o f TPEN and ifenvrodil on NMDAR sEPSCs

A, effect of

ifenprodil {blue) on NMDAR sEPSCs from a P8 {top left) and

from a P15 {bottom left) Golgi cell. Ifenprodil significantly inhibited NMDAR
currents at both ages. However, the level of inhibition was higher at P7-8 (n=4)
than at P I 5-18 (n=6;/? = 0.01, Mann-Whitney U).
B, effect of IpM TPEN {red) on NMDAR sEPSCs from a P8 {top left) and from a
P18 {bottom left) Golgi cell. On average, TPEN potentiated sEPSCs at both P7-8
(n = ll) and P I 5-18 (n=7), but the degree of potentiation was significantly greater
at P I5-18 (p < 0.02, Mann-Whitney U).
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Table 3.2 TPEN and ifenvrodil had no effects on the sEPSC frequency or the nonNMDAR sEPSC peak amvlitude at both ases.

P7-8

control

TPEN (IpM)

ifenprodil (lOpM)

0.22 ± 0 .0 3 (15)

0.21 ± 0 .0 2 (11)

0.20 ± 0.02 (4)

-64.0 ± 4 .4 (15)

-72.7 ± 7 .2 (11)

-69.6 ± 4.6 (4)

-179.2 ± 2 3 .6 (14)

-148.5 ± 26.5 (6)

-199.3 ± 4 5 .7 (8)

0.18 ± 0 .0 2 (13)

0.15 ± 0 .0 2 (7)

0.17 ± 0 .0 2 (6)

-71.0 ± 5 .5 (13)

-59.0 ± 6.4 (7)

-71.7 ± 7 .1 (6)

-190.6 ± 2 3 .4 (13)

-223.2 ± 22.6 (4)

-222.8 ± 3 1 .0 (9)

sEPSC frequency
(Hz)
Non-NM DAR
sEPSC peak (pA)
Non-NM DAR
eEPSC peak (pA)

P15-18

sEPSC frequency
(Hz)
Non-NM DAR
sEPSC peak (pA)
Non-NM DAR
eEPSC peak (pA)

Mean vaines ± S.E.M. (number of cells).
sEPSC, spontaneous EPSC
eEPSC, parallel fibre-evoked EPSC
No statistical significance for each parameter between control and TPEN, and
between control and ifenprodil (0.1 < p< 0.7, Wilcoxon’s matched pairs).
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3.3.4 3 Are triheteromeric NR1/NR2A/NR2B recevtors present at these synapses?

An increase in NR2A expression at Golgi cell synapses could occur in the form of
diheteromeric NR1/NR2A receptors or as triheteromeric NR1/NR2A/NR2B ones
(Tovar and Westbrook, 1999). In the previous section, we used the Zn^^-chelator
TPEN and the antagonist ifenprodil to test for NR2A and NR2B expression,
respectively.

If NR2A-

and

NR2B-receptors

are

distinct

diheteromeric

populations, the sensitivities to TPEN and to ifenprodil should be independent of
each other. We decided to test if synaptic NMDARs at Golgi cell synapses are
indeed a mixed population of diheteromeric NR2A- and NR2B-receptors, by
examining whether the ifenprodil sensitivity of NMDAR-EPSCs was affected by
TPEN.

If NMDARs at P I 5-18 Golgi cell synapses are a mixed population of
diheteromeric NR1/NR2A and NR1/NR2B receptors, the absolute amount of
ifenprodil-sensitive current should not be affected by the presence of TPEN.
However, at this age, the amplitude o f NMDAR-EPSCs was larger in TPEN
compared with control. Therefore, the fractional ifenprodil inhibition was
expected to be lower in the presence o f TPEN (ifenprodil-sensitive current divided
by current in TPEN) than in the absence of TPEN (ifenprodil-sensitive current
divided by control current). In contrast, TPEN had little effect on NMDAREPSCs at P7. The ifenprodil sensitivity of synaptic currents at this age was
therefore expected to be independent of TPEN.

Our experiments showed that, at P7, the ifenprodil sensitivities of both sEPSCs
and evoked EPSCs were independent o f TPEN. The level of ifenprodil inhibition
was 70% under both sets o f conditions (Table 3.4; sEPSCs, p > 0.3; evoked
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EPSCs, p > 0.8, Mann-Whitney U), consistent with the expression of mainly
NR1/NR2B receptors (Williams, 1993). For both spontaneous and evoked EPSCs
at P I 5, the percentage inhibition by ifenprodil was 10-20% in the absence of
TPEN. However, the percentage inhibition was greater in the presence of TPEN,
averaging between 40-45%. This difference in ifenprodil sensitivity between the
two conditions was significant (sEPSCs, p < 0.05; evoked EPSCs, p < 0.02,
Mann-Whitney U).

Ill

Figure 3.10 Pharm acological vroverties o f va ra llel fîbre-evoked EPSCs at P 7-8
and P I 5-18

A, ifenprodil (lOpM; blue) had a greater effect on evoked EPSCs at P7 {top left)
than at P I 5 {bottom left). The inhibition by ifenprodil was significantly different
between the two age groups (P7-8, n=7; P I 5-18, n=9; p < 0.001, Mann-Whitney
U).
B, in contrast, TPEN (lp.M; red) had a greater effect on the average NMDAR
evoked EPSC recorded from a P I 5 Golgi cell {p < 0.05, Mann-Whitney U). The
bar chart shows a summary of the TPEN sensitivity for 6 cells at P7-8 and 4 cells
atP15-18.
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Figure 3.11 Slower decay kinetics are correlated with h ish er ifenvrodil sensitivity

A, top, evoked EPSCs from a P7 Golgi cell showing the decay kinetics {left) and
the inhibition by ifenprodil (lOpM; right, blue). EPSCs under control conditions
and in the presence of lOpM ifenprodil from a P17 Golgi cell are shown (bottom
panels).
B, grouping all data from evoked EPSC recordings of P7-8 and P I 5-18 cells, there
was a significant positive correlation between lower ifenprodil sensitivity and
faster EPSC decay kinetics {red, linear regression R = 0.69, p < 0.005). This
indicates that lower NR2B expression is correlated with the shortening of EPSCs
observed at the parallel fibre to Golgi cell synapse during development.
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Table 3.3 Comparison the vroverties o f NM DAR-m ediated sEPSC and
varallel fibre-evoked EPSC

P7-8

Parallel fibre -

EPSCs

evoked EPSCs

-64.0 ± 4 .4 (22)

-162.2 ± 1 6 .6 (25)

Amplitude

Non-NM DAR

(pA)

NM DA R

-6.0 ± 0 .5

-16.9 ± 2 .7

Decay

Xfast (ms)

30.9 ± 5.5 (22)

59.2 ± 7 .1 (25)

^siow (ms)

123.2 ± 1 0 .9

3 1 1 .0 ± 4 4 .4

Afast (%)

50.4 ± 6.0

73.2 ± 3 .9

Xw (ms)

70.4 ± 4 .3 *

110.3 ± 4 .7 *

65.3 ± 2.4 (4)

73.2 ± 5 .1 (6)

% Potentiation by TPEN

3 1 .5 ± 17.9(11)

38.4 ± 1 9 .2 (7)

Am plitude

Non-N M DAR

-71.0 ± 5 .5 (22)

-220.6 ± 14.2 (58)

(pA)

NM DA R

-4.8 ± 0.7

-18.5 ± 1 .8

Decay

Xfast (ms)

40.2 ± 7 .1

Xsiow (ms)

163.3 ± 9 .4

Afast (%)

69.5 ± 3 .5

kinetics

% Inhibition by ifenprodil

P15-18

Spontaneous

kinetics

Xw (ms)
% Inhibition by ifenprodil
% Potentiation by TPEN

Mean ± S.E.M. (number of cells)
*,/>< 5x10’^ Mann-Whitney U
# , p < 5x10'^, Mann-Whitney U
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44.9 ± 5 .0 (1 3 )#

79.9 ±3.2#

21.6 ± 3 .5 (6)

17.7 ± 4 .6 % (9)

109.1 ± 5 9 .8 (7)

141.6 ± 68.1 (4)

Table 3.4 Ifenvrodil sensitivity o f synaptic currents at PI 5-18 is greater in the
presence o f TPEN

P7-8

P15-18

Ifenprodil

Ifenprodil + TPEN

%inhibition compared with

%inhibition compared with

control

TPEN

sEPSC

65.3 ±2.4 (4)

71.2±3.2(11)

eEPSC

73.2 ±5.1 (6)

69.8 ± 5.6 (7)

sEPSC

21.6 ±3.5 (6)*

42.3 ± 7.9 (7)*

eEPSC

17.7 ±4.6 (9)**

44.1 ±6.8 (4)**

Mean values ± S.E.M. (number of cells).
sEPSC, spontaneous EPSC
eEPSC, parallel fibre-evoked EPSC
*, p<0.05 (Mann-Whitney U)
**, p<0.02 (Mann-Whitney U)
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3.4 Discussion

3.4.1 Summary o f results

Glutamatergic synaptic currents recorded from cerebellar Golgi cells, whether
spontaneously-occurring or parallel-fibre evoked, consisted of two components
corresponding to the activation of non-NMDARs and NMDARs. The amplitude
of the NMDAR-mediated EPSC declined with age. In the course of the second
postnatal week (from P7 to PI 5), the decay time-course of the NMDAR-mediated
synaptic currents became significantly faster. This was accompanied by a decrease
in sensitivity to the NR2B-selective drug ifenprodil and an increase in the effect of
the Zn^^ chelator TPEN which affects NR2A-containing NMDARs. By the fifth
postnatal

week

(P36-39),

the

NMDAR-sEPSC

amplitude

was

almost

undetectable. In contrast, the amplitude, decay kinetics and rise-time of sEPSCs
mediated by non-NMDARs remained unaltered during this period of Golgi cell
development.

3.4.2 Develovmental chanse in subunit composition o f synaptic NMDARs

The simplest explanation for the observed kinetic and pharmacological changes in
NMDAR-EPSC properties is a change in subunit composition of the synaptic
NMDAR population. Recombinant NR1/NR2A receptors exhibit faster decay
kinetics than NR1/NR2B, NR1/NR2C or NR1/NR2D (Monyer et al, 1994; Table
1.1). The high degree of inhibition by the NR2B-selective antagonist ifenprodil at
P7-8, together with the slower decay kinetics at this age, indicates a predominant
NR2B contribution. Although NR2C- and NR2D-receptors also exhibit slow

118

decay kinetics (Monyer et al, 1994), these receptors are not sensitive to ifenprodil
(Williams, 1995; Mott et al, 1998). A week later in development (P I5-18), the
faster decay time-course, the lower sensitivity to ifenprodil and the higher
sensitivity to TPEN is consistent with an increase in the role of NR2A at Golgi
cell synapses.

Tovar and Westbrook (1999) suggested that the developmental increase in NR2A
at hippocampal synapses is likely to be in the form of triheteromeric
NR1/NR2A/NR2B receptors. If a mixture o f diheteromeric NR1/NR2A and
NR1/NR2B receptors is expressed, then the decay of the relief from ifenprodil
block should be the same as for NR1/NR2B receptors alone. However, the authors
found that the kinetics of the relief from ifenprodil block was different at ‘mature’
NR2A-containing synapses compared with ‘immature’ NR2B-only synapses. We
tried a different approach (section 3.3.4.3), postulating that if diheteromeric
NR1/NR2A and NR1/NR2B receptors predominated at P I 5-18 Golgi cell
synapses, the percentage ifenprodil inhibition of EPSC amplitude would be
greater in the absence of TPEN (i.e. ifenprodil-sensitive current divided by the
control current) than in the presence of TPEN (i.e. ifenprodil-sensitive current
divided by the control current and the TPEN-sensitive current). However, we
found that ifenprodil sensitivity of EPSCs was higher in the presence of TPEN.
Although ifenprodil and Zn^^ inhibition had been found to be independent of each
other in the rat hippocampus and parietal cortex, negative or positive interactions
were observed in other areas such as the piriform cortex and amygdala (Berger
and Rebemik, 1999). So, it is possible that ifenprodil sensitivity is not
independent of Zn^^ inhibition in NR1/NR2A or NR1/NR2A/NR2B receptors; i.e.
that these receptors are more sensitive to ifenprodil when the Zn^"^ inhibition is
removed. Since both Zn^"^ inhibition and ifenprodil inhibition are now thought to
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act through a similar mechanism - by altering proton sensitivity of the NMDAR there is a possibility o f interactions (Mott et al, 1998; Choi and Lipton, 1999; Low
et al, 2000; Zheng et al, 2001). It would be useful to find out whether recombinant
NR1/NR2A or NR1/NR2A/NR2B receptors are more sensitive to ifenprodil in the
absence of Zn^^. Without knowing more about these interactions, it is difficult to
interpret our results.

Evidence of a developmental switch from NR2B to NR2A has been presented for
several synapses. After the cloning of the NR2 subunits, in situ hybridisation
studies by Monyer et al (1994), Akazawa et al (1994) and Watanabe et al (1994)
revealed developmental and spatial expression profiles for the four NR2 subunits
in the rat and mouse brain. A developmentally-regulated acceleration in current
decay kinetics has been described in rat superior colliculus neurons (Hestrin,
1992), rat visual cortical neurons (Carmignoto and Vicini, 1992; Stocca and
Vicini, 1998), mouse hippocampal CAl pyramidal cells (Kirson and Yaari, 1996),
and cerebellar granule cells (Takahashi et al, 1996; Cathala et al, 2000). The
shortening of NMDAR-EPSC duration has been correlated with an increase in the
amount of NR2A mRNA present in the neuron (Flint et al, 1997; Plant et al, 1997;
Quinlan et al, 1999). Furthermore, the change in decay kinetics appeared to be
accompanied by a decrease in the sensitivity to NR2B-selective antagonists
(Kirson and Yaari, 1996; Stocca and Vicini, 1998; Tovar and Westbrook, 1999).
However, the NR2B to NR2A switch may not occur at all synapses. NMDARmediated synaptic currents in the central nucleus of the amygdala were recently
reported to remain highly sensitive to ifenprodil in three- to four-week old rats
(Lopez de Armentia and Sah, 2002). It is also of interest to note that the switch
from NR2B to NR2A expression may be reversible (Philpot et al, 2001a).
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Neuronal injury has been reported to prolong the duration of NMDAR-EPSCs and
increase ifenprodil sensitivity in rat vagal motoneurons (Nabekura et al, 2002).

Are there alternative explanations for the shortening of NMDAR-EPSCs with
age? Changes in presynaptic release or the profile of glutamate in the synapse can
affect the decay kinetics o f synaptic currents (see Conti and Weinberg, 1999).
Release probability is unlikely to have changed as the paired-pulse ratio was the
same between the two ages (see Table 4.2; 10ms interpulse interval, P7-8, 1.00 ±
0.24, n=6; P I 5-18, 1.12 ± 0.11, n = 9;

> 0.8, unpaired t test). Changes in synapse

morphology, glutamate profile or presynaptic vesicle content between P7-8 and
P I 5-18 could contribute to the change in decay kinetics, but the pharmacological
data argue for a change in subunit composition. Although it has been reported that
inhibition by ifenprodil is dependent on agonist NMDA concentration (Kew et al,
1996; Zhang et al, 2000), the observed decrease from 70% to 20% inhibition is
substantial and is unlikely to be caused solely by a change in glutamate
concentration at the synapse.

Another issue that needs to be considered is the possible change in the expression
of NRl splice variants. A developmental change in the alternative splicing of N Rl
in the cerebellum has been shown (Laurie and Seeburg, 1994a; Prybylowski and
Wolfe, 2000) but whether this take place specifically in the Golgi cell is unknown.
Vicini et al (1998) investigated the effect of different N Rl splice variants on the
decay kinetics of recombinant NR1/NR2A receptors and found that there were no
significant differences in the average decay time o f currents through receptors
comprising different N Rl splice variants. In contrast to NR2A receptors, the
deactivation of currents through NR2B receptors is dependent on the N R l isoform
expressed. Expression of NR la (splice variant lacking exon 5) significantly
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slowed the decay kinetics compared with NRlb (containing exon 5;

= 750ms

vs 200ms, respectively; Rumbaugh et al, 2000).

Also, N Rl splice variants have been shown to affect the sensitivity of
recombinant NR1/NR2A receptors to

The IC 50 for Zn^^ inhibition of

NRla/NR2A receptors is 0.02pM, while that for NRlb/NR2A is 0.2pM
(Traynelis et al, 1998). Ifenprodil sensitivity, however, is unlikely to be affected
by NRl alternative splicing. The binding of ifenprodil was reported to be
independent of NRl isoform expression (Gallagher et al, 1996). Furthermore,
Mott et al (1998) showed that the IC 50 of CP-101,606 (a derivative of ifenprodil)
inhibition on agonist-evoked currents was the same for NRla/NR2B and
NRlb/NR2B receptors. Although it cannot be ruled out that a change in NRl
isoform expression contributes to the developmental change in decay kinetics and
TPEN sensitivity, the observed decrease in ifenprodil sensitivity at Golgi cell
synapses argues for a developmental change in the NR2 subunit rather than a
change in the NRl iso form alone.

The reduction in ifenprodil sensitivity between P7-8 and P I 5-18 is also unlikely to
reflect increased expression of NR2C or NR2D. The faster decay kinetics and
increased sensitivity to TPEN at P I 5-18 argues for the expression of NR2A but
we cannot rule out the possibility of triheteromeric NR1/NR2A/NR2C or
NR1/NR2A/NR2D receptors.
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3.4.3 Functional relevance o f developm ental changes in subunit com vosition

The NMDAR has attracted much attention because of its crucial role in
development and plasticity. For example, genetically-manipulated mice have been
extensively studied to investigate whether the disruption or enhancement of NR2
subunit expression has any consequences on synaptic plasticity, behaviour and
learning and memory (Kadotani et al, 1996; Kiyama et al, 1998; Okabe et al,
1998; Sakimura et al, 1995; Tang et al, 1999; Philpot et al, 2001b). The
developmentally-regulated shortening of synaptic currents and change in
ifenprodil

sensitivity in the visual system requires sensory information

(Carmignoto and Vicini, 1992; Quinlan et al, 1999; Philpot et al, 2001a), and it
was long hypothesized that this activity-dependent change in NMDAR current
duration may act as a brake, regulating and limiting plasticity.

However, several lines of evidence now argue against this theory. Roberts and
Ramoa (1999) showed that NR2A expression and faster decay kinetics at visual
cortical neurons occurred at the onset, rather than at the end, of the critical period
for ocular dominance plasticity. Barth and Malenka (2001) also demonstrated that
the loss of LTP at thalamocortical synapses was not correlated with a change in
the kinetics o f NMDAR synaptic currents. Further evidence that the end of the
critical period for LTP does not require changes in the duration of NMDAR
currents was supplied by Lu et al (2001): analysis of NMDAR currents at
thalamocortical synapses of NR2A knockout mice showed that, while the
shortening o f EPSC duration and reduction in ifenprodil sensitivity was abolished,
the critical period for LTP was unaffected. It appears from these studies that
factors other than changes in the duration o f NMDAR synaptic currents are
responsible for abating LTP at these synapses.
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Besides deactivation kinetics, changes in the NR2 subunit expressed will also
affect the spatiotemporal profile o f Ca^^ entry and the sensitivity and
susceptibility of the receptor to various modulators. Recombinant receptors
containing NR2A, NR2B or NR2C are differentially sensitive to redox conditions
(Brimecombe et al, 1997). The activity o f Ca^^-sensitive enzymes linked to the
NMDAR, such as CaMKII, may be affected. The potentiating effect of the
endogenous Src kinase has been shown to be greater for NR1/NR2A than for
receptors comprising NR2B, NR2C or NR2D (Kohr and Seeburg, 1996; Zheng et
al, 1998). Tyrosine kinases and phosphatases, via PSD proteins, are also thought
to regulate the properties o f NMDARs (Wang and Salter, 1994; Wang et al, 1994;
Vissel et al, 2001), and there are indications that tyrosine phosphorylation may be
involved in LTP (O’Dell et al, 1991; Grant et al, 1992; Lu et al, 1998). Therefore,
developmental changes in NMDAR subunit composition can affect a myriad of
events downstream of receptor opening.

NMDAR receptors were recently reported to control the EPSP-spike coupling in
hippocampal

intemeurons,

thereby

affecting

the

temporal

properties

of

feedforward inhibition onto pyramidal cells (Maccaferri and Dingledine, 2002).
‘Slow’ intemeurons, with a large and slowly-decaying NMDAR-mediated
component, had slow EPSP-spike latencies and action potential firing in these
cells could either precede or follow firing in simultaneously-activated pyramidal
cells. On the other hand, ‘fast’ intemeurons with a smaller and faster-decaying
NMDAR component always fired action potentials before the pyramidal cells.
The authors speculated that the differences in NMDAR decay kinetics between
the two ‘cell types’ may reflect differences in subunit composition. Furthermore,
Lei and McBain (2002) showed that hippocampal intemeuron synapses with fastdecaying and ifenprodil-insensitive NMDAR components fired doublet or triplet
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EPSPs when stimulated with a train of afferent stimuli. However, at those
synapses where NMDARs were more ifenprodil sensitive and exhibited slower
decay kinetics, the same stimulation protocol only generated single or doublet
EPSPs. So it is possible that subunit changes in NMDAR composition during
development affect the firing properties o f neurons and thereby influence the
activity in a neural network.
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CHAPTER 4

COMPARISON OF SYNAPTIC AND
EXTRASYNAPTIC NMDARs AT THE
PARALLEL FIBRE - GOLGI CELL
SYNAPSE
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4.1 Summary

1. Parallel fibre-evoked EPSCs generated by a single stimulus and by a train of 3
stimuli at lOOHz were recorded from mouse cerebellar Golgi cells at P7-8 and
P15-18.

2. The decay kinetics of the NMDAR-mediated component of single EPSCs and a
train of EPSCs were compared. At P7-8, the decay time of EPSCs generated by
the two stimulation conditions were similar (single, 110.2 ± 7.6ms; train, 127.8 ±
6.7ms, respectively; n=9). However, at P I 5-18, EPSCs generated by a train of
stimuli were consistently slower (160.1 ± 9.8ms; single stimulus, 81.3 ± 3.7ms;
n=36).

3. At P I 5-18, NMDAR-EPSCs produced by a train of stimuli also exhibited
greater ifenprodil sensitivity. Ifenprodil (lOpM) inhibited single EPSCs by 20.5 ±
6.0% and a train of EPSCs by 60.6 ± 3.8% (n=7). In contrast, at P7-8, there was
no difference in ifenprodil sensitivity (single, 76.8 ± 5.3%; train, 85.9 ± 4.6%;
n=7).

4. The NMDAR open-channel blocker MK801 was used to block synaptic
receptors activated by a single stimulus. At P I5-18, high-frequency train
stimulation after MK801 treatment generated NMDAR-mediated currents with an
even higher sensitivity to ifenprodil inhibition (87.1 ± 3.7%, n=9).

5. The glutamate transporter blocker TBOA had no effect on the amplitude or the
decay kinetics of NMDAR-mediated synaptic currents at P7-8. In older animals.
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the effect of TBOA was more heterogeneous and more detrimental to cells. It
appeared that TBOA may slow the decay kinetics of NMDAR-EPSCs in a subset
of Golgi cells.

6. These results demonstrate that NMDARs of different subunit composition are
differentially located at parallel fibre-Golgi cell synapses. At a developmental
stage when NR2A-containing receptors are present at synaptic sites, NMDARs
located in the periphery of these synapses remain of the NR2B-subtype.

4.2 Introduction

The experiments described in Chapter 3 demonstrated that currents through
synaptic NMDARs at the parallel fibre-Golgi cell synapse undergo changes in
their

kinetic

and

pharmacological

properties

during

development.

Do

extrasynaptic NMDARs have properties similar to those of synaptic receptors? Is
the developmentally-regulated change in subunit composition confined to synaptic
NMDARs or does it also occur at extrasynaptic sites? This chapter will explore
the properties of NMDARs activated during brief high-frequency trains. Under
these stimulation conditions, glutamate is likely to diffuse to the extrasynaptic- or
perisynaptic space and therefore can activate receptors located there.

The properties of NMDAR-mediated currents generated at the parallel fibre to
Golgi cell synapse by a single stimulus and a high-frequency train of stimuli were
compared. The decay kinetics and sensitivity to ifenprodil inhibition were
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considered. The comparison of single EPSCs and a train of EPSCs was carried out
at the two ages studied in Chapter 3, namely at P7-8 and P I 5-18.

Next, the NMDAR open channel blocker MK801 was used to selectively block
synaptic NMDARs activated by a single stimulus. On subsequent train
stimulation, the current through synaptic NMDARs would be excluded from the
train-generated EPSC. The kinetic and pharmacological properties of the
remaining current through extrasynaptic receptors were examined. In the final part
of this chapter, we tried inhibiting glutamate clearance as an alternative method of
activating extrasynaptic receptors. The effect of the glutamate transporter inhibitor
TBOA on NMDAR-mediated synaptic currents at the parallel fibre-Golgi cell
synapse was explored.
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4.3 Results

4.3.1 Devisins a stimulation protocol for activatins extrasynaptic receptors

In the experiments described in Chapter 3, we used a single stimulus under focal
‘minimal’ stimulation conditions to generate an EPSC. Under these conditions,
mainly receptors located at synaptic sites are activated by the synapticallyreleased glutamate. In order to activate a larger proportion of extrasynaptic or
perisynaptic receptors, one needs to increase the glutamate concentration or
prolong the presence of glutamate at the synapse such that sufficient glutamate
diffuses out of the synaptic cleft onto more distant sites. To activate extrasynaptic
receptors, we applied a brief high-frequency train of stimuli.

Other means o f activating extrasynaptic NMDARs that were considered included:
(1) increasing the stimulus intensity, (2) increasing external Ca^"^ concentration to
increase release probability, and (3) blocking the neurotransmitter clearance
mechanism. Since our aim was to compare the properties of synaptic and
perisynaptic receptors, the former two alternatives were not considered suitable
for the following reasons. Increasing stimulation intensity recruits more afferent
fibres (Toth and McBain, 1998; Carter and Regehr, 2000; Clark and Cull-Candy,
2002), thereby activating additional synapses. As we wanted to compare synaptic
and extrasynaptic receptors, we needed to minimise the chance of activating
additional synaptic receptors. Increasing the external Ca^^ concentration to
promote release was equally unsuitable as it complicates any comparison of
currents at different external Ca^^ concentrations. The single-channel conductance
through NMDARs is dependent on the concentration of external Ca^^ (Jahr and
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Stevens, 1987; Gibb and Colquhoun, 1992; Billups et al, 2002) and NMDARs are
regulated by Ca^^-dependent desensitisation and Ca^^-dependent kinases and
phosphatases (Clark et al, 1990; Legendre et al, 1993; Dingledine et al, 1999). We
did attempt to manipulate glutamate clearance as an alternative way to activate
extrasynaptic receptors (section 4.3.5). Using a glutamate transporter inhibitor, we
examined if transporters are involved in shaping the synaptic current at these
synapses.

The frequency o f stimulation in a train of stimuli will affect the extent of
neurotransmitter diffusion out of the synaptic cleft. Although we cannot exclude
spillover of neurotransmitter onto neighbouring synapses, it seemed likely that
diffusion out of the synaptic cleft would also activate extrasynaptic receptors. The
current generated by a brief high-frequency train of stimuli is the sum of the
current through synaptic and extrasynaptic receptors. Figure 4.1 illustrates the
relationship between the stimulus frequency and the NMDAR-EPSC amplitude.
In the presence of 50)liM D-AP5, the non-NMDAR EPSCs generated by three
pulses at lOHz returned to baseline within 20ms of the final peak of the nonNMDAR current. Therefore, the amplitude of the NMDAR-mediated current was
measured 20ms after the final non-NMDAR current peak (an average of 20 data
points). Applying this criterion to all stimulation conditions, the amplitude of the
NMDAR-mediated current produced by a three-stimuli lOOHz train was measured
at 40ms after the final peak of the non-NMDAR EPSC. The prolonged nonNMDAR current is likely to reflect spillover and delayed release (Atluri and
Regehr, 1998; Carter and Regehr, 2000; Kreitzer and Regehr, 2000). The decay of
a train of EPSCs was fitted for 3 to 4 seconds from 40ms after the final nonNMDAR EPSC peak. Figure 4.1C compares the fi*equency dependence of a train
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of NMDAR-EPSCs at P7-8 and P I 5-18. As is apparent from the plots, increasing
the frequency o f a train of three stimuli from 5- to lOHz did not affect the
amplitude of the NMDAR-mediated EPSC. Further increasing the frequency from
10 to lOOHz did increase the amplitude o f the NMDAR-mediated current at both
ages.

4.3.2 Decay kinetics o f a train o f EPSCs at P7-8 and at P I 5-18

As glutamate diffuses out of the synaptic cleft, it would be expected to activate
receptors located peripheral to the synapse. Figure 4.2 compares the NMDAREPSC produced by a single stimulus with that produced by a brief train of stimuli.
Typical traces recorded from a P8 and a P I 8 cell are shown in panel A. A train of
stimuli (3 at lOOHz) generated currents that were approximately 3.5 times larger
than those generated by a single stimulus. At P7-8, the ‘train-to-single’ ratio was
3.4 ± 0.5 (n=7). The ratio was similar at P15-18 (3.5 ± 0.3; n=33; p > 0.5, MannWhitney U).

Golgi cell sEPSCs are similar to miniature EPSCs and are therefore likely to be
quantal events (Dieudonne, 1998; see section 5.3.2.2). We can roughly estimate
how many quanta are released in response to single- and train stimulation. Values
are summarised in Table 4.1. It was mentioned in Chapter 3 that some spillover is
already likely to occur in response to a single stimulus as the decay of evoked
NMDAR-EPSCs was slower than that of sEPSCs (section 3.3.3.1 and Table 3.3).
At both P7-8 and P I5-18 synapses, a train o f 3 stimuli at lOOHz further increased
the NMDAR current by -1 0 quanta.
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Figure 4.1 Increasins the stimulation frequency from lOHz to lOOHz increased
the parallel fibre-evoked NMDAR-EPSC amplitude

A, Recording of parallel fibre-evoked EPSCs generated by a train of 3 stimuli at
lOHz {top) and at lOOHz {bottom) from a P8 Golgi cell. The non-NMDAR EPSC,
recorded in the presence of 50pM D-AP5, is shown in grey.
B, EPSCs in response to a train of 3 pulses at lOHz {top) and lOOHz {bottom)
from a P15 Golgi cell. The same scale bar also applies to traces in panel A.
C, the EPSC generated by 3 stimuli at lOHz was the same in amplitude compared
with single EPSCs. Increasing the frequency to lOOHz generates NMDAR-EPSCs
which were about 3 times greater in amplitude than EPSCs produced by a single
stimulus.
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50 Hz

100Hz

Table 4.1 Comvarins the amplitudes o f sinsle- and a train o f EPSCs with those o f
spontaneous EPSCs

sEPSC

P7-8

Evoked EPSC
Single

Train

NMDAR-EPSC

-6.0 ± 4 .4

-31.7 ± 7.2

-82.9 ±20.8

Amplitude (pA)

(22)

(8)

(8)

5.3

15.5

-4.8 ± 0.7

-20.5 ± 2.0

-70.2 ± 7.6

(22)

(36)

(36)

4.2

14.5

Evoked: sEPSC ratio
P15-18 NMDAR-EPSC
Amplitude (pA)
Evoked: sEPSC ratio

Mean ± SEM (number of cells)
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As with single NMDAR-EPSCs, the decay phase of NMDAR-EPSCs elicited by a
train of stimuli was best fitted by the sum of two exponential functions. Figure
4.2A (bottom left panel) illustrates the decay phase of NMDAR-EPSCs produced
by a single stimulus and a train of stimuli at P7-8 (average of 9 cells), normalised
to the peak and overlaid on the same time-scale. No difference was observed
between the decay kinetics of single EPSCs (t^, 110.2 ± 7.6 ms; Xfast, 61.3 ±
8.7ms; TsIow? 353.7 ± 60.2ms ms, Af^st, 78.5 ± 5.6%; n=9) and a train of EPSCs
recorded from P7-8 Golgi cells (t^ = 127.8 ± 6.7 ms; Xfast, 74.8 ± 8.1ms; Xsiow,
360.7 ± 52.1ms, Afast, 75.9 ± 5.9%; p > 0.05 for x^, Xfast, Tsiow and Afast, paired
Student’s t tests). Similar values were obtained using a fit-independent method
(by dividing the charge transfer by current amplitude; single, x^ = 123.8 ± 5.6;
train, x^ = 142.3 ± 6.6ms; p > 0.2 between fit and fit-independent measures,
paired Student’s t tests).

At P I 5-18, a high-frequency train of stimuli consistently and significantly slowed
the EPSC decay time-course (x^, 153.8 ± 9.6ms, Xfast, 79.2 ± 6.2ms; Xgiow, 586.5 ±
51.5ms; Afast, 80.1 ± 2.6%; single EPSCs: x^, 81.3 ± 3.7ms, Xfast, 41.8 ± 4.6ms;
Xsiow, 175.7 ± 11.1ms; Afast, 69.9 ± 3.8%; n=36; n=36; p < 5x10'^, Wilcoxon’s
matched pairs). This is illustrated in the bottom right panel of Figure 4.2A,
showing the average decay waveforms of single- and a train of EPSCs recorded
from nine P I 5-18 Golgi cells. The EPSCs were scaled to the peak amplitude and
the peaks were aligned. Similar values were obtained using a fit-independent
analysis method on a random sample of cells (single EPSCs, x^ = 75.6 ± 12.4ms;
a train of EPSCs, x^ = 145.8 ± 10.3ms; n=6; p > 0.8 between fit and fitindependent measures, paired Student’s t test).
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It is interesting to note that the decay time constant of the fast component (Xfast) of
a train of EPSCs at P I 5-18 was similar to the weighted mean decay time (t^) of
single EPSCs (79.2 ± 6.2ms vs 81.3 ± 3.7 ms, respectively; p > 0.1, MannWhitney U). The slow component of the train of EPSCs had a decay time constant
(Tsiow) of 586.5 ± 51.5ms, making up 19.9 ± 2.6% of the total amplitude. As the
average amplitude was 70.2 ± 7.6pA (n=36), this slow-decaying component
ranged between lOpA and 20pA in absolute terms. As also shown in Chapter 3,
the difference in the decay-time of single NMDAR-EPSCs between P7-8 and P1518 was significant {p < 0.002, unpaired Student’s t test). However, although the
mean decay time of a train of EPSCs at P7-8 appeared to be faster than that at
P I 5-18 (Figure 4.2B), the difference was not significant (x^, 127.8 ± 6.7ms at P78 and 153.8 ± 9.6ms at P I5-18;p > 0.2, Mann Whitney U).

On average, at P I 5-18, the decay time constant of EPSCs elicited by a train o f 3
stimuli at lOOHz was twice that of single EPSCs (x^, 153.8 ± 9.6ms V5 81.3 ± 3.7
ms). Was this relationship uniform for all cells? We investigated this by plotting,
for individual cells, the x^ o f single EPSCs against the percentage change in x^
brought about by high-frequency train stimulation (i.e. the x^ of a train of EPSCs
expressed as a percentage change o f the single EPSC x^). Illustrated in Figure
4.2C, the plot shows clearly that the proportional difference in the decay kinetics
between single- and a train of EPSCs was greater for those cells with faster single
EPSCs (Spearman R = -0.7,/> < 5x10'^). The correlation indicates that not all cells
were affected by high-frequency stimulation to the same extent. Briefer single
NMDAR-EPSCs displayed a greater degree of slowing of EPSC decay kinetics
when a high-frequency train of stimuli was applied.
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Figure 4.2 Hish-freauencv train stimulation slowed the NMDAR-EPSC at P I 5-18
but not at P7-8

A, Parallel fibre-Golgi cell EPSCs recorded under control conditions {black) and
in the presence of SOjuM D-AP5 {grey). The top and middle panels on the left
show typical recordings of single- and a train o f EPSCs from a P8 Golgi cell. On
the right, single- {top) and a train of {middle) EPSCs recorded fi*om a P I 8 Golgi
cell. Bottom left and bottom right panels, to compare the decay kinetics of EPSCs
generated by the two stimulation conditions, EPSC decay waveforms were
normalised to the NMDAR-EPSC amplitude (as measured at 20ms after the nonNMDAR peak for single stimuli and at 40ms after the non-NMDAR peak for train
stimuli), and aligned on the same time-scale for better visual comparison. The
normalised average single EPSC {dotted black line) and train-generated EPSC
{solid blue line) are shown for P7-8 (n=9; left) and P I 5-18 Golgi cells (n=9;
right).
B, the slower decay of train NMDAR-EPSCs was consistent for all P I 5-18 cells
recorded (n=36; * /? < 5x10'^, Wilcoxon’s matched pairs). The average data for
P7-8 {n=9; filled circles) and P I 5-18 {open circles) are summarised in the plot.
C, the Tw of single-pulse EPSCs o f individual cells plotted against the
corresponding

o f train EPSC (expressed as the percentage change of the

of

single EPSCs). The plot indicates that high-frequency train stimulation had a
greater effect on slowing the decay kinetics of NMDAR-EPSCs in those cells with
faster-decaying single-pulse EPSCs. The correlation between all the data points
was statistically significant (linear regression, R = -0.63; p < 5x10'^).
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4.3.3 Ifenvrodil sensitivity o f a train o f NMDAR-EPSCs

In the previous section, we observed that NMDAR-EPSCs recorded from P I 5-18
Golgi cells exhibited a significantly slower decay time-course when elicited by a
train of stimuli. In contrast, at P7-8, there was no difference between the decay
kinetics of NMDAR-EPSCs produced by a train of stimuli vs a single stimulus.

What could underlie the slower decay of the NMDAR-current elicited by a train
of stimuli at PI 5-18? Is it the delayed activation of receptors located further away
from the synapse or the repeated activation of receptors caused by the persistence
of glutamate at the synapse? Or is glutamate activating a distinct population of
extrasynaptic receptors with slower deactivation kinetics? Perhaps, at P I5-18,
those NMDARs at perisynaptic sites are o f a different subunit composition, and
therefore exhibit different properties compared with receptors at synaptic sites.

We presented evidence in Chapter 3 for a developmental change in the subunit
composition o f NMDARs at the parallel fibre to Golgi cell synapse. The
NMDAR-mediated synaptic current became shorter in duration and less sensitive
to the NR2B-selective antagonist ifenprodil between P7-8 and P I 5-18. The kinetic
and pharmacological properties of the synaptic current at P I 5-18 are consistent
with a reduced contribution from the NR2B subunit and an increased functional
expression o f NR2A. What if the subunit composition of synaptic NMDARs
changes during development, while that of perisynaptic receptors does not? If
both synaptic and the extrasynaptic NMDARs are mainly of the NR2B-containing
subtype at P7-8, this would explain the similarity in decay kinetics. If, by P I 5-18,
the synaptic population o f NMDARs comprise more NR2A-containing receptors
while the extrasynaptic receptors remain unchanged, then activation of
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extrasynaptic NR2B receptors during a train of stimuli could account for the
slower EPSCs. To investigate this hypothesis further, we next compared the
ifenprodil sensitivity between single- and a train of EPSCs.

Figure 4.3 compares the effect of lOpM ifenprodil on NMDAR-EPSCs produced
by a single stimulus and a train of stimuli. The ifenprodil sensitivity of the train
generated NMDAR-EPSC amplitude at P I 5-18 was consistently higher: 60.6 ±
3.8% compared with 20.5 ± 6.0% for single EPSCs (Figure 4.3C; n=7; p < 5x10"^,
paired Student’s t test). In contrast, at P7-8, the inhibition by lOpM ifenprodil was
similar for single- and a train of stimuli. NMDAR-EPSC amplitudes were
inhibited by 76.8 ± 5.3% and 85.9 ± 4.6%, respectively (n=7; p > 0.05, paired
Student’s t test). The action of ifenprodil at this concentration was most likely
postsynaptic as it affected neither the non-NMDAR peak nor the paired-pulse
ratio (Table 4.2).

The lack of a difference in ifenprodil inhibition between single- and a train of
EPSCs at P7-8 supports the idea that synaptic and extrasynaptic NMDARs at the
parallel fibre to Golgi cell connection are o f the same subunit composition. The
high degree of ifenprodil sensitivity indicates that these NMDARs are mainly of
the NR2B subtype. In older animals at P I 5-18, single EPSCs were much less
sensitive to ifenprodil. However, the ifenprodil sensitivity was three times higher
when a train o f stimuli was applied. The slower decay kinetics and higher
ifenprodil sensitivity of a train of EPSCs at P I 5-18 support the idea that highfrequency stimulation leads to the activation of a distinct population of NMDARs.
These perisynaptic NMDARs have properties indicative o f NR2B receptors.
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Figure 4.3 A train o f stimuli increased the ifenprodil sensitivity o f the varallel
fïbre-Golsi cell EPSC at P I 5-18

A, outline of the experimental procedure.
B, Parallel fibre-Golgi cell EPSCs recorded from a P7 (left) and P I 5 (right) Golgi
cell. Ifenprodil (10p,M; blue) almost completely inhibited NMDAR-EPSCs at P7.
However, at P I 5, ifenprodil has a greater inhibitory effect on a train of EPSCs
than on single EPSCs.
C, summary data of 7 cells in each age group. At P7-8, ifenprodil sensitivity was
high under both stimulation conditions {filled circles). At P I 5-18, the inhibition
by ifenprodil was significantly higher in response to a train than to a single
stimulus {open circles’, * p < 5x10'"^, paired Student’s t test).

142

A
in 10fiM ifenprodilin 50|liM D-AP5

control
single trains of
stimul stimuli

B

single trains of
stimul stimuli

P7

single
stimul

P15

control
10|iM ifenprodil
50^M AP5

single
stimulus

10pA
15pA
200m s

train
(3 stimuli
at 100Hz)

control
10fiM ifenprodil
50^M AP5
30pA

1 0 0 -,

*
O

P7-8
P15-18

80-

60-

C

40-

o

c

train

single
143

trains o
stimuli

Table 4.2 Ifenvrodil did not affect the non-NMDAR veak amplitude nor the
vaired-vulse ratio

control

P7-8

P15-18

Non-NMDAR

-255.3 ±46.8

amplitude (pA)

(6)

ifenprodil

D-AP5

(lOpM)

(50pM)

-218.8 ±37.5

-180.6 ±33.4

Paired-pulse ratio

1.00 ±0.24

1.18±0.1

1.23 ±0.16

‘Third-pulse’ ratio

0.68 ±0.21

0.71 ±0.14

0.83 ±0.21

Non-NMDAR

-202.6 ± 15.9

-178.5 ± 16.6

-167.8 ± 19.7

amplitude (pA)

(9)

Paired-pulse ratio

1.12±0.11

1.18±0.12

1.18±0.1

‘Third-pulse’ ratio

0.81 ±0.12

0.84 ±0.12

0.86 ±0.13

Mean values ± S.E.M. (number of cells)
Paired-pulse ratio: ratio between non-NMDAR amplitudes of the second and the
first EPSCs of the train (3 stimuli at 1OOHz)
‘Third-pulse’ ratio: ratio between non-NMDAR amplitudes of the third and the first
EPSCs of the train (3 stimuli at lOOHz)
P7-8: no significant difference in non-NMDAR amplitude, paired-pulse or ‘thirdpulse’ ratios between control, ifenprodil and D-AP5 (0.9>p>0.4, one-way ANOVA).
P15-18: no significant difference in non-NMDAR amplitude, paired-pulse or ‘thirdpulse’ ratios between control, ifenprodil and D-AP5 (1.0>p>0.3, one-way ANOVA).
Also, no significant difference in paired-pulse or ‘third-pulse’ ratios (in control,
ifenprodil or D-AP5) between P7-8 and P15-18 (1.0>p>0.3, Mann-Whitney U).
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Figure 4.4 MK801 blocked the NMDAR-mediated component o f EPSCs elicited
by sinsle stimuli

A, Parallel fibre-evoked EPSCs from a P18 Golgi cell. Ten single stimuli (one
every 30s) were applied in the presence o f the NMDAR open channel blocker
MK801 (lOpM). The NMDAR-mediated component was blocked by MK801
{middle) and subsequent perfusion 50pM D-AP5 had little effect.
B, time-course plot outlining the experimental protocol and the effect of MK801
on the parallel fibre-evoked NMDAR-EPSC. With the exception of the
stimulation protocol in the presence of MK801 {open circles, second panel from
the left), single stimuli were elicited at 0.3Hz and the data points shown are
averages of 10 EPSCs {solid circles).
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4.3.4 Usins MK801 to isolate the current through extrasynaptic NMDARs

MK801 produces a use-dependent block of NMDAR channels. It can therefore be
used to selectively block NMDARs that are activated (Huettner and Bean, 1988;
Jahr, 1992). We stimulated parallel fibres with single stimuli in the presence of
MK801 to block the synaptic NMDA receptors. MK801 was then washed out of
the recording chambre for at least 30 minutes. During the first 15 minutes of the
wash period, 20-25pM D-AP5 was included in the bathing medium to prevent
residual MK801 from blocking additional NMDARs during spontaneous activity.
After MK801 washout, trains of stimuli (3 stimuli at lOOHz) were applied and the
resultant EPSC was compared with those recorded before MK801 treatment. This
allowed us to examine the decay kinetics and ifenprodil sensitivity of
(predominately) extrasynaptic receptors that were not subjected to MK801 block.

Figure 4.4 shows an outline of the MK801 treatment procedure and the effect of
MK801 on the NMDAR-mediated component of parallel fibre-evoked EPSCs
recorded from a P18 Golgi cell. In the presence of 4 or lOpM MK801, single
stimuli were applied every 30 seconds for 5 minutes (10 stimuli) and this was
sufficient to block 80.6 ± 3.8% (n=9) of the NMDAR-mediated current. MK801
treatment inhibited the charge transfer of single NMDAR-EPSCs to a similar
extent (72.3 ± 4.7%; p > 0.2, unpaired Student’s t test). The NMDAR-mediated
component showed no recovery after applying single stimuli (at 0.3Hz) for an
hour after MK801 washout (n=2, data not shown). Also, the non-NMDAR peak
amplitudes were not affected by MK801 (control, -250.4 ± 28.8pA; after MK801
treatment, -222.6 ± 21.8pA; n=10; p > 0.2, paired Student’s t test).
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4.3.4.1 Exclusion o f synaptic NMDARs by MK801 did not affect the decay kinetics
o f a train o f EPSCs but increased the ifenvrodil sensitivity

In order to examine the amplitude and decay kinetics of currents through
extrasynaptic NMDARs at P I 5-18, the NMDAR-EPSC generated by a train of 3
stimuli at lOOHz was recorded before and after the MK801 treatment. An outline
of the experimental procedure is shown in Figure 4.5A. The ifenprodil sensitivity
o f NMDAR-EPSCs after MK801 treatment was compared with values from
previous experiments where MK801 was not applied. In the example shown in
Figure 4.5B, MK801 treatment reduced the amplitude of a train of NMDAREPSCs by 55.2%. The average block produced by 4 or lOpM MK801 in P15-18
Golgi cells was 68.3 ± 2.6% (before MK801, -129.8 ± 29.5pA; after MK801, 40.3 ± 6.9pA; n=9).

The decay waveforms of NMDAR-EPSCs generated by a train of stimuli in P I 518 Golgi cells were fitted with double exponentials and gave a

value of 137.6 ±

9.4ms before MK801 treatment (Xfast, 75.8 ± 6.9ms; Tgiow, 538.4 ± 83.2ms; Afast, 84
± 3%; n=9; Figure 4.5C). There was no significant change in the decay timecourse after MK801 treatment (t^, 134.1 ± 4.5ms; Xfast, 63.7 ± 6.4ms; Xsiow, 457.4
± 49.1ms; Afast, 79 ± 4%; p > 0.7, paired Student’s t test). The values for Xfast, Xsiow
or Afast also remained unchanged (0.4> p >0.2, paired Student’s t tests for Xfast and
Xsiow, Wilcoxon’s matched pairs for Afast). Values are summarised in Table 4.3.
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Figure 4.5 After MK801 treatment to block synaptic NMDARs. ifenprodil almost
completely abolished the current through extrasvnavtic receptors

A, outline of the experimental procedure.
B, Parallel fibre-Golgi cell EPSCs in response to a train of stimuli recorded from a
P18 Golgi cell under control conditions {black), after MK801 treatment (red), in
lOpM ifenprodil (blue) and in 50pM D-AP5 (grey).
C, summary data comparing the weighted mean decay time constants of EPSCs
recorded from P I 5-18 Golgi cells (n=9) in response to a single stimulus, to a train
of stimuli without MK801 treatment and to a train of stimuli after MK801
treatment. Exclusion of synaptic receptors by MK801 blockade did not affect the
decay kinetics o f train EPSCs.
D, Train stimulation increased the ifenprodil sensitivity of NMDAR-EPSCs (* ,p
< 5x10'"^, paired Student’s t test). Blockade of synaptic NMDARs by MK801
treatment further increased the degree of inhibition by lOpM ifenprodil (#, p <
5x10"^, unpaired Student’s t test).
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Table 4.3 Summary table o f the kinetic and pharmacolosical properties o f sin2le and
a train ofNMDAR-EPSCs at P7-8 and P I5-18

Decay

P7-8

P15-18

110.2 ± 7 .6 (9)

81.3 ± 3 .7 (3 6 )*

76.8 ± 5 .3 % (7 )§

20.5 ± 6.0% (7) §, #

127.8 ± 6 .7 (9)

153.8 ± 9.6ms (3 6 )*

85.9 ± 4 .6 % (7)

60.6 ± 3 .8 % (7) # , t

82.1 ± 1 0 .7 (7)

65.8 ± 6.6 (7) t t

(ms)

Single

% inhibition o f

EPSCs

amplitude by
ifenprodil
D ecay Xw (ms)
% inhibition o f

Train of
EPSCs

am plitude by
ifenprodil
% inhibition o f
charge transfer by
ifenprodil

Before M K801, 137.6 ± 9.4
Decay Xw (ms)

Train of

% inhibition o f

EPSCs after

amplitude by

MK801

ifenprodil

treatment

% inhibition o f
charge transfer by

N ot determined
After MK801, 134.1 ± 4 .5 (9)

N ot determined

86.8 ± 4.0% (9) t

N ot determ ined

87.7 ± 5 .1 (9) t t

ifenprodil

Mean ± S.E.M. (number of cells)
< 5x10'^, Wilcoxon’s matched pairs
§,p < 5x10'^, unpaired Student’s t test
# , p < 5x10^, paired Student’s t test
< 5x10^, unpaired Student’s t test
< 0.02, Mann-Whitney U
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With synaptic receptors blocked by MK801, the inhibition by lOpM ifenprodil of
a train of NMDAR-EPSCs was even more pronounced (Figure 4.5D). Without
MK801, ifenprodil inhibited EPSCs by 60.6 ± 3.8% (n=7; see section 4.3.3). After
using MK801 to block the synaptic population of NMDARs, ifenprodil inhibited
EPSCs by 86.8 ± 4.0% (n=9; p < 5x10^, unpaired Student’s t test). Similar values
were obtained for ifenprodil inhibition using charge transfer measurements
(without MK801 treatment, 67.6 ± 6.1%, n=7; after MK801 treatment, 87.7 ±
5.1%, n=9). A summary of the kinetic and pharmacological properties of EPSCs
generated by a single stimulus and a train of stimuli can be found in Table 4.3.

The results from this set o f experiments are consistent with our hypothesis on the
differential localisation of NMDARs at and surrounding the parallel fibre-Golgi
cell synapse. After blockade of synaptic NMDA receptors with MK801, the
ifenprodil sensitivity of a train of EPSCs was significantly higher. This supports
the idea that, at P I 5-18, NR1/NR2B receptors are prominent at sites surrounding
this synapse.

4.3.5 The effect o f the slutamate transporter inhibitor TBOA on synaptic currents

Extrasynaptic receptors can also be activated by impeding the neurotransmitter
clearance system (Barbour et al, 1994; Otis et al, 1996; Diamond, 2001). At the
excitatory parallel fibre-Golgi cell synapse, blocking glutamate transporters may
prolong the presence of glutamate or increase the glutamate concentration at the
synapse if high-affmity transporters are important for the removal of glutamate
after release. Inhibitors of glutamate transporters can be applied to elucidate the
role of transporters in shaping EPSCs. The newly-available DL-^/ireo-p-benzyl-

152

oxyaspartate (TBOA) is the glutamate transporter inhibitor most suitable for our
purposes, as it is not transported and has negligible agonist action on glutamate
receptors (LeBrun et al, 1997; Shimamoto et al, 1998).

4.3.5.1 Effect o f TBOA on NMDAR-EPSC amplitude

We examined the effect of TBOA on parallel fibre-evoked single EPSCs. Figure
4.6A (left panel) shows that TBOA had no effect on parallel fibre-evoked EPSCs
in P7-8 Golgi cells. The four cells tested showed no changes in baseline variance
or holding current in the presence of TBOA (10 to ISOpM; data not shown). At
20pM, TBOA had no effect on the NMDAR-EPSC current amplitude or charge
transfer (98.2 ± 17% and 114.0 ± 24% of control, respectively). Furthermore, the
peak amplitude of the non-NMDAR component of the EPSC was unchanged
(102.4 ± 15% of control; 0.8 > ^ > 0.4, Wilcoxon’s matched pairs. Figure 4.6B,
black bars).

At P I5-18, 20pM TBOA had variable effects on single EPSCs. In 8 out of 17
cells examined, TBOA (10 or 20pM) caused a dramatic increase in the holding
current and spontaneous EPSC frequency (data not shown). These cells
deteriorated quickly and were not amenable to analysis. This detrimental effect of
TBOA was never observed in slices from P7-8 mice. Recordings from the
remaining nine P I 5-18 Golgi cells were analysed (but increasing the TBOA
concentration beyond 30pM was detrimental to all P I 5-18 Golgi cells). Although
there was often a visible increase in baseline variance on perfusion of TBOA,
gross inspection (looking at the readings on the oscilloscope during experiments)
suggested relatively little change in the holding current or the spontaneous EPSC
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frequency. TBOA (2 0 | liM ) had no significant effect on the NMDAR-EPSC
amplitude (127.4 ± 15.9% of control; p > 0.2, Wilcoxon’s matched pairs), charge
transfer (147.4 ± 24.5% of control, p > 0.6, Wilcoxon’s matched pairs), or nonNMDAR-EPSC current amplitude (105.2 ± 12.0% of control; p > 0.6, paired
Student’s t test; Figure 4.6B).

4.35.2 Effect o f TBOA on NMDAR-EPSC decay kinetics

We next analysed the effect o f TBOA on the decay kinetics of NMDAR-EPSCs.
As illustrated in Figure 4.7, TBOA (20p.M) had no apparent effect on the decay
time-course of NMDAR-EPSCs at P7-8 (average of 4 cells). When fitted with the
sum o f two exponential functions,

was 130.5 ± 16.8ms under control

conditions (Xfast, 82.6 ± 16.4ms; TsIqw, 501.3 ± 219.1ms; Af^st, 85.1 ± 6%) and 137.6
± 14.0ms in the presence of 20pM TBOA (Xfast, 68.3 ± 7.7ms; Tgiow» 486.0 ±
97.1ms; Afast, 81.2 ± 4%). TBOA had no significant effect on

Xfast, Xgiow, or Afast

at this age (0.1</?<0.8, Wilcoxon’s matched pairs).

TBOA had a more variable effect on the NMDAR-EPSC decay kinetics at P I 5-18
(Figure 4.7). However, the overall effect was not statistically significant. The
mean value for x^ was 77.0 ± 7.1ms under control conditions (Xfast, 42.3 ± 10.1ms;
Xgiow, 146.3 ± 20.2ms; Afast, 67.9 ± 9%; n=9) and 102.9 ± 9.7ms in the presence of
20p.M TBOA (Xfast, 48.4 ± 9.7ms; Xgiow, 416.5 ± 127.6ms; Afast, 78.6 ± 5%). There
was no significant change in x^, Xfast, or Afast in the presence of TBOA
(0.05<p<0.5, paired Student’s t test for x^, Wilcoxon’s matched pairs for Xfast and
Afast). However, the difference in Xgiow between control and in 20|uM TBOA was
significant {p < 0.05, Wilcoxon’ matched pairs).
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Although the effect of TBOA on

was not significant overall, the decay kinetics

appeared to be slowed by TBOA in 4 out of the 9 cells analysed. In these 4 cells,
the Tw value was below 70ms before perfusion of TBOA (Figure 4.7B). Grouping
these 4 cells together gave an average

of 59.2 ± 3.0ms under control conditions

vs 112.9 ± 18.1ms in 20pM TBOA. However, this difference was not statistically
significant (p > 0.05, Wilcoxon’s matched pairs). For the remaining 5 cells, the
average decay times were 91.3 ± 7.8ms in control and 94.8 ± 10.4ms in TBOA.
So it appears likely that at P I 5-18, glutamate transporters may influence to a
greater extent the decay time of synaptic currents in a sub-population of cells
where the initial decay time was faster. Since diffusion and glutamate transport
are temperature-dependent, the effect of TBOA may be more substantial at
physiological temperatures.
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Figure 4.6 TBOA had no sisnifîcant effect on the amplitude o f NMDAR-EPSCs at
both P7-8 and P I 5-18.

A, average EPSCs of 4 recordings at P7-8 {left) and 9 recordings at P I 5-18
{right), under control conditions {black) and in the presence of 2 0 | liM TBOA
{red). A range o f TBOA concentrations was tried (P7-8, 20-150pM; P15-18, 10SOpM) and the concentration-response relationships are illustrated in the insets.
B, the effect o f 20pM TBOA on NMDAR-EPSC amplitude, NMDAR-EPSC
charge transfer and non-NMDAR EPSC amplitude at P7-8 {black, n=4) and at
P I 5-18 {grey, n=9). There were no significant differences in the three parameters
examined at both ages.
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Figure 4.7 TBOA had no effect on the decay time-course o f synaptic currents

A, The effect o f TBOA (20|iM; red) on the decay time-course of parallel fibreevoked EPSCs from P7-8 and P15-18 Golgi cells. The traces shown are average
waveforms of P7-8 cells (n=4) and P I 5-18 cells (n=9). The traces are normalised
to the NMDAR current amplitude (measured 20ms after the non-NMDAR peak).
At both ages, there was no significant difference in the average weighted mean
decay time constants under control conditions and in the presence of TBOA.
B, A plot illustrating the change in decay kinetics of individual cells brought
about by TBOA. All four P7-8 cells {filled circles) and five of nine P I 5-18 cells
(open circles) were not affected by TBOA, as these points lie close to the ‘y=x’
line (which indicates no change; dotted line). TBOA slowed the decay of four
cells at P I5-18: these four cells had the fastest decay kinetics under control
conditions.
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4.4 Discussion

4.4.1 Summary o f results

In this chapter, we examined the properties of extrasynaptic NMDARs
surrounding the parallel fibre to Golgi cell synapse. We investigated whether the
properties o f NMDA receptors located peripherally to this synapse also undergo
the same developmental changes observed with synaptic NMDA receptors. Using
a train of three stimuli at lOOHz to activate extrasynaptic receptors, the decay
kinetics and ifenprodil sensitivity o f the NMDAR-EPSCs produced by the train
were compared with those EPSCs elicited by a single stimulus.

At P7-8, there was little difference in decay kinetics and ifenprodil sensitivity
between NMDAR-EPSCs produced by single- and a train of stimuli. In contrast,
at P I 5-18, the kinetic and pharmacological properties of NMDAR-EPSCs
produced by a high-frequency train were significantly different to those of single
EPSCs. The decay time-course was slower and the degree of ifenprodil inhibition
was greater for a train of EPSCs. After using MK801 to block synaptic receptors,
the current through extrasynaptic NMDARs was even more sensitive to inhibition
by ifenprodil.
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Figure 4.8 Differential localisation o f NMDARs at and surroundins the parallel
fibre to Golsi cell synapse

Early in postnatal development (P7-8), NMDARs at both synaptic and
perisynaptic sites are mainly of the NR2B subtype. This is supported by the
similar kinetic and pharmacological properties of currents elicited by a single
stimulus and by a brief high-frequency train of stimuli (3 stimuli at lOOHz).

A week later in development (P I5-18), NR2A-containing receptors are expressed
at the synapse. However, NMDARs peripheral to synaptic sites appear to remain
of the NR2B subtype. This is suggested by the slower decay kinetics and higher
ifenprodil sensitivity o f currents produced by a train of stimuli. After using
MK801 to selectively block those receptors activated by a single stimulus, the
remaining current through perisynaptic receptors was even more sensitive to
ifenprodil. This further supports the targeting of NR2A-containing receptors to
synaptic sites and the localisation of NR2B receptors further away from the
synapse.
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4.4.2 D ifferential localisation o f NMDARs at the parallel fîbre-G olsi cell svnavse

Taking together the results presented in Chapter 3 and in this chapter, our
observations suggest that NR2B receptors are activated at both synaptic and
perisynaptic sites by synaptically-released glutamate at P7-8. By P I 5-18, the
synaptic NMDARs exhibit properties o f NR2A-containing assemblies while
perisynaptic NMDARs appear to be unchanged (Figure 4.8).

Can the differences in kinetic and pharmacological properties between single- and
a train of NMDAR-EPSCs at P I 5-18 be explained by differences in the
spatiotemporal profile of synaptically-released glutamate, rather than by
differential localisation of postsynaptic NMDAR subtypes? Although the slower
decay of a train of EPSCs could be alternatively attributed to diffusion and
delayed receptor activation, the greater degree of ifenprodil inhibition of these
EPSCs (both without and after MK801 treatment) is strong evidence in favour of
differential localisation. If the synaptic and extrasynaptic receptors were of the
same subunit composition, then a change in glutamate profile should not alter
ifenprodil sensitivity.

On the other hand, there are reports that the inhibitory effect of ifenprodil is
dependent on agonist concentration. Two studies have shown that ifenprodil
potentiated agonist-evoked currents at low concentrations of agonist NMDA, but
inhibited currents at higher agonist concentrations (Kew et al, 1996; Zhang et al,
2000). This could be due to an allosteric interaction between the glutamate and
ifenprodil binding sites on the NR2B subunit (Zheng et al, 2001). However, the
greater ifenprodil inhibition of a train of EPSCs (compared with single EPSCs)
observed in this study is unlikely to be caused solely by higher concentrations of
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glutamate. Mainly extrasynaptic receptors are activated by a train of stimuli after
blocking synaptic receptors with MK801 and the glutamate concentration at
extrasynaptic sites is most likely lower than the concentration at synaptic sites. If
ifenprodil inhibition is reduced at lower agonist concentrations, then one might
even expect ifenprodil inhibition of a train of EPSCs to be reduced after MK801
treatment. However, our experiments showed that ifenprodil sensitivity was
increased by 30% after MK801 block of synaptic receptors. The ifenprodil
inhibition after MK801 was the same as that at P7-8 synapses, supporting the idea
that extrasynaptic NMDARs remain the same between P7-8 and P I 5-18. Even if
there is substantial pooling of glutamate between adjacent synapses or release
sites, the glutamate concentration at extrasynaptic sites is unlikely to exceed that
at synaptic sites. Therefore, higher glutamate concentrations or changes in
glutamate profile do not explain the different pharmacological properties between
single- and a train of NMDAR-EPSCs. Furthermore, NR2A and NR2B receptor
subtypes have similar affinities for MK801 (Kutsuwada et al, 1992; Laurie and
Seeburg, 1994b) so it is unlikely that the increase in ifenprodil sensitivity after
MK801 is due to selective blockade o f NR2A-containing receptors.

Ca^^-dependent inactivation has been shown to regulate the activity of NMDARs
on the order of seconds and is more prominent for NR1/NR2A receptors (Clark et
al, 1990; Legendre et al, 1993; Medina et al, 1995; Krupp et al, 1996; Dingledine
et al, 1999). This could provide an alternative explanation for the difference in
kinetics and ifenprodil sensitivity between single- and a train of EPSCs: NR2A
receptors were being downregulated during the course of the experiment and by
the time currents were measured in the presence of ifenprodil, the proportional
contribution of NR2B receptors at the synapse had gone up. Although we cannot
rule out the possibility that this occurred to some extent during our experiments,
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the increased ifenprodil sensitivity after MK801 treatment still argues for the
differential localisation of NR2A- and NR2B-containing receptors.

The differences in kinetic and pharmacological properties of NMDAR-EPSCs
produced by single- and trains of stimuli are also unlikely to reflect the
perisynaptic localisation of NR2C- or NR2D-containing receptors. Although
NR1/NR2C and NR1/NR2D receptors have slow decay kinetics, they are not
sensitive to ifenprodil (Williams, 1995; Mott et al, 1998; Misra et al, 2000a;
Momiyama, 2000). However, one cannot rule out the possibility of ifenprodilsensitive triheteromeric NR1/NR2B/NR2C or NR1/NR2B/NR2D receptors. In
Chapter

5,

we

investigate

the

possible

expression

of

triheteromeric

NR1/NR2B/NR2D receptors in the perisynaptic membrane at the parallel fibre to
Golgi cell synapse (section 5.3.2.4).

Golgi cells in the cerebellum have been shown to be immunopositive for the
metabotropic glutamate receptors mGluR2 and mGluR5 (Neki et al, 1996). The
mGluR2 receptors are located on the cell bodies and the proximal parts of their
dendrites, while mGluR5 immunoactivity could be traced throughout the
molecular layer (Neki et al, 1996). The expression of mGluRs on Golgi cells is
supported by binding studies (Knoflach et al, 2001), and mGluRs play a role in
synaptic transmission at the Golgi cell to granule cell synapse (Mitchell and
Silver, 2000). As mGluRs are insensitive to D-AP5 (Shirasaki et al, 1994; Conn
and Pin, 1997) and the ifenprodil sensitivity is calculated from the AP5-sensitive
current, it is unlikely that mGluR activation was responsible for the slower decay
of those EPSCs generated by a train o f stimuli.
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We also cannot rule out the possibility o f differential expression of N Rl splice
variants. Agonist-evoked currents through NRla/NR2B receptors exhibit slower
decay kinetics than NRlb/NR2B receptors (Rumbaugh et al, 2000). However,
affinity o f NMDARs to ifenprodil does not appear to be dependent on the NRl
splice variant expressed (Gallagher et al, 1996). Therefore it is unlikely that
differential distribution of NRl splice variants provides us with the simplest
explanation for our observations.

4.4.3 Possible involvement o f slutamate transporters

Immunohistochemical studies show intensive staining of the cerebellar cortex for
expressed proteins o f four cloned glutamate transporters: GLT-1, GLAST,
EAAT3 and EAAT4. The first two are expressed on astrocytes, mainly on
Bergmann glia which extend processes throughout the molecular layer.
Immunopositive processes surround parallel fibre terminals and ensheath Purkinje
cells in adult rat brain (Rothstein et al, 1994; Lehre et al, 1995). The neuronal
EAAT3 and EAAT4 are also present in high density in the molecular layer and
Purkinje cell layer. Of the four transporter subtypes, only EAAT3 is found in the
granule cell layer but there is no evidence of presynaptic localisation in the
parallel fibre terminals (Rothstein et al, 1994; Furuta et al, 1997a).

Our observations are in accordance with the reported developmental profile of
glutamate transporter expression. Immunopositivity for glutamate transporters
begins to occur around P14 in the rat cerebellum, reaching high levels around P24.
There is little or no staining in P7 rats (Furuta et al, 1997b). We observed no
apparent changes in P7-8 Golgi cell NMDAR-EPSCs in the presence of TBOA.
Glutamate transporters are unlikely to play a major role in rapid removal of
166

glutamate at these synapses at this stage in development. However, TBOA had a
heterogeneous effect on parallel fibre-evoked EPSCs at P I 5-18. More glutamate
transporters may be expressed at this age than at P7-8. Alternatively, glutamate
transporters may be expressed at the same levels between the two ages but
changes in synapse geometry may increase effectiveness of glutamate transport
(e.g. glial processes may wrap more tightly around synapses, increasing the
proximity between transporters and the synaptic receptors).

If glutamate transporters do play a larger role in synaptic transmission at more
mature synapses, then one might expect a correlation between faster decay
kinetics of the NMDAR-EPSC and the effect of TBOA. There was some
indication o f this in Figure 4.7B, where the four cells with the fastest decay timecourse under control conditions were most affected by TBOA. We intended to use
TBOA as an alternative method of activating extraysnaptic receptors and since the
experiments were conducted at room temperature, limited conclusions can be
drawn about the physiological participation o f glutamate transporters at this
synapse.

The problem with manipulating glutamate clearance in the granule cell-Golgi cell
system is that an increase in ambient glutamate can lead to excitation of many
granule cells. This was observed in some experimental trials, where perfusion of
TBOA brought about dramatic increases in spontaneous EPSC frequency and leak
current, making the cell unviable for recording. Therefore, the cells used in the
analysis may be a biased sample. The overall lack of effect by TBOA may reflect
a bias towards less mature cells where the level of transporter expression was
lower.
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4.4.4 Tarsetin 2 o f NR2A to svnavtic sites

The

surface

delivery

of functional

NR2A-containing

NMDARs

during

development appears to be restricted to synaptic sites (Li et al, 1998; Rumbaugh
and Vicini, 1999; Tovar and Westbrook, 1999; Momiyama, 2000) and the
possible mechanisms underlying this targeting have received much interest. A
sequence involved in bringing NR2A to the synapse has been identified in the
cytoplasmic carboxyl terminal (Steigerwald et al, 2000). Furthermore, interactions
between NMDAR subunits and PSD proteins appear to play a pivotal role in
synaptic targeting. Membrane-associated guanylate kinases (MAGUKs), such as
PSD-93, PSD-95 and SAP-102, are involved in the clustering and anchoring of
NMDARs at the synapse and in subsequent signal transduction processes
(reviewed by Ziff, 1997; Grant and O ’Dell, 2001; Sheng and Kim, 2002). SAP102 was reported to be abundant at hippocampal CAl synapses in early postnatal
development, coinciding with the expression of NR2B (Sans et al, 2000). At older
synapses, high expression levels of PSD-93 and PSD-95 coincided with NR2A
expression. Multiple MAGUKs could be expressed at the same synapse and
further co-immunoprecipitation experiments supported a preference for complexes
of NR2A with PSD-93/95 and NR2B with SAP-102. Selective interaction with
MAGUKs may therefore be one of the mechanisms responsible for the delivery of
specific NMDAR subunits to synaptic sites at different stages in development.

Barria and Malinow (2002) recently elucidated further details on the variables
affecting the number and subunit composition of NMDARs at hippocampal
synapses. The trafficking o f NR2A-containing receptors was dependent on
synaptic activity and agonist binding. Increased NR2A expression led to a
reduction in the magnitude o f synaptic NMDAR currents, faster decay kinetics
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and reduced ifenprodil sensitivity. These effects are similar to the developmental
changes observed in the present study at the parallel fibre-Golgi cell synapse, and
are consistent with a developmentally-regulated replacement of NR2B receptors
with NR2A-containing receptors at synapses.

Besides dynamic NMDAR targeting during development, evidence is also
accumulating that NMDARs in the plasma membrane may not be as static as they
were once thought to be. NMDARs at synaptic sites have been demonstrated to
undergo constant internalisation during early development in hippocampal
cultures (Roche et al, 2001). The internalisation process decreased with
maturation and was blocked by the co-expression of PSD-95. Coincidentally,
PSD-95 is expressed at higher levels later in development (see above; Sans et al,
2000). Furthermore, NMDARs may be able to move laterally between ‘synaptic’
and ‘extrasynaptic’ sites. Tovar and Westbrook (2002) reported a recovery of the
NMDAR-EPSC after block of ‘synaptic’ receptors by MK801. We did not
observe this in our experiments and it is possible that by P I 5-18 in mouse
cerebellar Golgi cell development, NMDAR receptors are more stabilised e.g. by
postsynaptic proteins. Both the internalisation and lateral movement of NMDARs
were observed relatively early in development (primary hippocampal cultures: 3-5
and 6-9 days in vitro (DIV), respectively), before NR2A was reported to dominate
at these synapses (>12 DIV; Tovar and Westbrook, 1999). So, the processes of
NMDAR targeting, localisation and stabilisation appear to be developmentally
regulated and dynamically inter-linked.
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4.4.4.1 Published evidence supportins the differential localisation o f NMDARs

This study shows that perisynaptic receptors at the parallel fibre to Golgi cell
synapse, activated by a high-firequency train o f stimuli, can be of different subunit
composition compared with those receptors located directly adjacent to the
presynaptic terminal. Perisynaptic receptors, in comparison with somatic
receptors, are much more likely to be involved in synaptic transmission. At the
parallel fibre to Golgi cell synapse, just three stimuli at lOOHz at room
temperature were enough to affect the duration o f EPSCs. O f course, whether this
occurs at physiological temperature is unknown as one would have to take into
consideration the differences in passive diffusion and glutamate uptake. It is also
yet unknown what the average firing frequency of parallel fibres is in vivo.
Granule cells are able to sustain high-frequency spiking (>100Hz; D ’Angelo et al,
1995; D ’Angelo et al, 2001; Cathala L, personal communication) and
microelectrode recordings in anaesthetised cats have shown that the firing
frequency o f mossy fibre units can exceed lOOOHz (within bursts) in response to
natural stimulation of the receptive fields (Garwicz et al, 1998; Ekerot and
Jomtell, 2001).

Several studies have compared the properties o f somatic NMDARs with those of
synaptic ones. An immunocytochemical analysis of the localisation of NMDARs
in cultured cortical neurons showed that NR2B subunits were present at both
synaptic and extrasynaptic sites while NR2A subunits clustered preferentially at
synaptic sites (Li et al, 1998). Rumbaugh and Vicini (1999) demonstrated that
although synaptic currents from rat cerebellar granule cells became insensitive to
the NR2B-selective inhibitor CP 101,606 by PIO, currents through nucleated
patches were still highly sensitive after P I 8 . But, Cathala et al (2000) reported a
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loss in ifenprodil sensitivity of somatic NMDARs during the same stage of
granule cell development. In adult rat dorsal horn neurons, somatic NMDAR
channels were of the high-conductance type and were highly sensitive to
ifenprodil. However, synaptic currents were unaffected by ifenprodil and
exhibited decay kinetics indicative of NR2A-containing NMDARs (Momiyama,
2000). Furthermore, in a study by Tovar and Westbrook (1999), the ifenprodil
sensitivity o f whole-cell currents was compared with that of synaptic currents in
cultured hippocampal neurons. At a developmental stage when NR2A is known to
be expressed at these synapses, ifenprodil sensitivity was higher for whole-cell
currents compared with synaptic currents. However, a whole-cell current includes
the currents through all receptors and may still be largely dominated by somatic
receptors. The current study shows that the boundary of the differential
distribution of NR2A- and NR2B-NMDARs is likely to be close to the synapse,
and that differential localisation of NMDARs can be of immediate relevance to
synaptic transmission.
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CHAPTER 5

ANALYSIS OF NMDARs
IN WILD-TYPE AND
NR2D-KNOCKOUT MICE
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5.1 Summary

1. Single-channel openings activated by NMDA were recorded in outside-out
patches excised from cerebellar Golgi cells of P7-10 wild-type and NR2Dknockout mice. Both high conductance (-50 and ~40pS) and low conductance
(-40 and -20pS) channels were resolved in wild-type Golgi cells, while patches
from NR2D-knockout mice contained only high conductance openings.

2. Comparing the kinetic properties of high conductance openings between the
two strains, we found the weighted mean open-period to be briefer in patches
from wild-type Golgi cells (t = 2.4 ± 0.2ms, n=15; NR2D-knockout, x = 3.4 ±
1.5ms, n=14). The probability of a high conductance channel being open
(PoPEN(HiGH)) was thus significantly greater in NR2D-knockout (0.04 ± 0.004) than
in wild-type (0.02 ± 0.004) mice.

3. The presence of NR2D also affected the pharmacological properties of high
conductance openings. The ifenprodil sensitivity was greater in the absence of
NR2D. In the presence of 0.1 pM ifenprodil,

P o p e n (h i g h )

was reduced by only 31.2

± 8.7% (n=7) in wild-type vs 58.9 ± 7.5% (n= 8 ) in NR2D-knockout mice.

4. To investigate whether NR2D is involved in synaptic transmission, miniature
EPSCs (mEPSCs) were recorded in cerebellar Golgi cells from P7-10 wild-type
and NR2D-ablated mice. The amplitude, charge transfer and decay kinetics of the
NMDAR-mediated component were found to be similar between the two animal
strains. Furthermore, the amplitude and decay kinetics of sEPSCs were the same
as those of mEPSCs.
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5. We next investigated the ifenprodil sensitivity of sEPSCs and found that
NMDAR-sEPSCs from wild-type and mutant mice were inhibited to the same
extent by 0.1 pM (21.4 ± 3.2% and 24.9 ± 7.7%, respectively) and lOpM
ifenprodil (54.0 ± 11.2% and 51.8 ± 8.5%, respectively).

6

. Trains of stimuli (5 stimuli at 50Hz) were used to activate a greater proportion

of extrasynaptic receptors. No differences were found in the NMDAR-EPSC
charge transfer, decay kinetics or ifenprodil sensitivity between wild-type and
NR2D-knockout animals.

7. Taken together, these results are consistent with the presence of a distinct
population of triheteromeric NR1/NR2B/NR2D

channels in the somatic

membrane o f wild-type Golgi cells. The presence of NR2D in the receptor
assembly altered the kinetic and pharmacological properties but had no effect on
conductance levels. Furthermore, NR2D-containing receptors appear to be absent
from synaptic and perisynaptic sites in cerebellar Golgi cells at this age.
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5.2 Introduction

Previous work from this group demonstrated the functional expression of NR2Dcontaining NMDARs in the cell bodies of P14 rat Golgi cells (Misra et al, 2000a).
In situ hybridisation studies have shown expression of the NR2D subunit in
thalamic and midbrain areas and in intemeurons throughout the brain, and
expression levels are highest during embryonic and early postnatal development
(Akazawa et al, 1994; Monyer et al, 1994; Watanabe et al, 1994; Dunah et al,
1996; Wenzel et al, 1996). NMDARs containing the NR2D subunit have several
characteristic properties, such as very slow deactivation kinetics (Monyer et al,
1994; Wyllie et al, 1998; Misra et al, 2000b), a higher affinity for glutamate and a
lower sensitivity to the voltage-dependent channel block by Mg^"^ (Ikeda et al,
1992; Kuner and Schoepfer, 1996; see Table 1.1).

Low conductance (-30 and ~18pS) channel openings exhibiting asymmetry (i.e.
there are more transitions from 30pS to 18pS than vice versa) were observed in
somatic outside-out patches from Purkinje cells and deep cerebellar nuclei
neurons (Momiyama et al, 1996). Comparison of these openings with the
subsequent single-channel characterisation o f NR1/NR2D receptors (Wyllie et al,
1998) supported that these were activations of NR2D receptors. Single-channel
openings with similar properties have also been reported in somatic patches from
cerebellar Golgi cells (Misra et al, 2000a), cerebellar stellate cells (Momiyama,
Clark

and

Cull-Candy,

unpublished

observations),

dorsal

horn

neurons

(Momiyama, 2000) and hippocampal granule cells (Piha-Crespo and Gibb, 2002).
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Further confirmation that these single-channel openings reflect activation of
NR2D receptors can be obtained by analysing NR2D-knockout mice (Ikeda et al,
1995). We compared single-channel openings in somatic patches fi-om P7-P10
Golgi cells of wild-type and NR2D-knockout mice. The single-channel
conductance, kinetics and ifenprodil sensitivity o f these openings were examined.

Although NR2D receptors have been shown to be present in the soma of several
cell types, there is still no evidence for their presence at synapses. The very slow
deactivation kinetics of currents through NR2D-containing NMDARs, of about 4
seconds (Wyllie et al, 1998; Misra et al, 2000b), does not correlate with the decay
kinetics of synaptic currents. Because of this, it is generally believed that the
NR2D subunit is excluded from synaptic sites and does not play a role in synaptic
transmission. We decided to test for the presence of NR2D at synapses by
comparing the kinetic and pharmacological properties of NMDAR-mediated
synaptic currents in Golgi cells o f wild-type and NR2D-knockout mice.
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5.3 Results

5.3.1 Single-channel analysis o f outside-out patch recordinss

This

section

summarises the

single-ehannel analysis results

from joint

experiments with Dr Charu Misra and Dr Stephen Brickley. My main eontribution
to this projeet is described in seetion 5.3.2 where the properties of synaptic
NMDARs in wild-type and NR2D-knockout miee are compared.

5.3.1.1 Sinsle-channel conductance

Single-ehannel reeordings were earried out in nominally Mg^^-ffee bathing
solution containing ImM Ca^^, and in the presenee of CNQX (5pM), bieueulline
(lOpM) and stryehnine (500nM) to bloek non-NMDA-, GAB A- and glycine
reeeptors, respeetively. At the holding potential of -60mV, steady state applieation
of lOpM NMD A (together with lOpM glyeine) to outside-out patehes exeised
from the soma of P7-P10 Golgi cells aetivated diserete NMDAR single-ehannel
openings. In wild-type miee, openings to the 50pS state were observed (53.5 ±
O.SpS; n=15). Many of these openings were assoeiated with a brief ~40pS subconductanee state eharaeteristie of eonventional ‘high eonductance’ NMDARopenings (reviewed in Cull-Candy et al, 2001). As is apparent in Figure 5.1 A,
‘low’ conductanee (40 and 20pS) NMDAR-openings were also resolved and were
eharaeterised by frequent direet transitions between levels. We have previously
observed a similar pattern of NMDAR ehannel openings in rat Golgi eells (Misra
et al, 2000a), and other eentral neurons (Momiyama et al, 1996). As in the rat, the
oeeurrence of these low eonduetance openings was much less frequent than the
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high conductance openings, reflecting the low open probability of this NR1/NR2D
channel population (Wyllie et al, 1998; Misra et al, 2000a).

Time-course fitting of single-channel data revealed three discrete peaks in the
amplitude histograms constructed from wild-type outside-out patches (Figure
5.1 A, bottom left panel). Pooled data (from all patches) showed 48.9 ± 5.8% of
openings were to the high conductance (50pS) state. Low conductance openings
occurred in isolation (i.e. not linked to the high conductance 50pS state),
indicating that they arose from a separate NMDAR population. Low conductance
openings with mean conductance states of 43.4 ± 1.2pS and 23.1 ± 0.7pS were
present in all patches examined (n=15) and resembled those previously described
in outside-out patches from rat Golgi cells (Misra et al, 2000a). Moreover, when
we analysed 1,113 direct transitions that occurred between the main- and sub
conductance state of the low conductance channels, 65.6 ± 2.5% arose as
transitions from the 40 to the 20 pS state, corresponding well to the transition rate
of 64 % reported previously for low conductance NMDAR-openings in rat Golgiand Purkinje cells (Momiyama et al, 1996; Misra et al, 2000a).

As shown in Fig. 5.IB, in contrast to data from wild-type mice, amplitude
histograms constructed from NMDAR single-channel openings from NR2Dknockout mice exhibited only high conductance openings (50pS, with infrequent
sojourns to the 40pS sub-conductance state). On average, the main single-channel
conductance in these cells was 53.9 ± 1.7pS (n=14) with a sub-conductance state
of 46.3 ± 1.3pS (contributing less than 10% of the total number of events). The
main and sub- conductance states were always linked by a direct transition,
indicating that these two states arose from activation of a single type of NMDAR
channel.
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5.3.1.2 Kinetic properties o fh ish conductance NMDAR channels are modified in
NR2D-knockout mice

We next considered whether the kinetic properties of the high conductance
openings were affected by the presence o f the NR2D subunit. For the purpose of
our analysis, we considered the open-period of the channel to be the total time it
remained open at its various conductance levels between full closures. A full
closure was deemed to have occurred once the channel had closed for a period
exceeding twice the filter rise time. In the present study, we analysed the openperiods of the high conductance (50pS) openings (open-periodniGH) in isolation by
defining critical amplitudes that separate the high conductance (50pS) openings
from the other (20/40pS) states. For example, the multiple peaks present in the
wild-type data shown in Figure 5.1 A (bottom left panel) were described by the
sum of three Gaussian distributions. A critical amplitude (Acnt) was defined from
the fit of these Gaussian distributions, such that >90% of openings (wild-type, 92
± 1% «=14; NR2D-knockout, 91 ± 2 % n=14) were of the high conductance
(50pS) type (see Howe ei al, 1991).

It is worth noting that only a small proportion of events in the 40pS group will come
from NRl/NR2D-like openings (i.e. the 20/40pS group) as this channel population
has a low open probability (Wyllie et al, 1998; Misra et al, 2000a). For example, in 7
wild-type patches where a sufficient number of low- and high conductance openings
were present within the same patch, time-course fitting of NMDAR channel
openings demonstrated that the average proportion of low conductance (20/40pS)
events was 8.0 ± 1.5 % (range 5.2 - 15.9%). Only a fraction of these events will then
contribute to the ‘misclassified openings’ as the majority of the 40pS group arises
from the sub-conductance state of the 50pS openings.
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From a cursory examination of the single-channel currents in patches from wildtype and NR2D-knockout mice (Figure 5.2A and B), the kinetic properties of high
conductance openings were clearly changed in the absence of the NR2D subunit.
The high conductance NMDAR channel openings observed in wild-type patches
were noticeably briefer than those observed in patches from the NR2D-knockout
strain. Indeed, open periodnioH analysis demonstrated a significant difference in
the kinetics of high conductance events in the two strains. This change in kinetics
following loss of the NR2D subunit is evident in the open periodniGH distributions
shown in Figure 5.1. For both strains, the distribution of open periodniGH was best
described by a double exponential fit. When data from a wild-type animal was
plotted on a logarithmic scale this distribution has two clear peaks. In contrast,
though the distribution of open periods for high conductance openings from
NR2D-knockout animals was also best described by a fast and slow component,
the magnitude of the fast component was much reduced (see Figure 5. IB, bottom
right). This was tme for all NR2D-knockout patches. Consequently, in wild-type
mice, the fast component (t fast= 732.6 ± 122.6p.s; «=15) contributed 37.7 ± 5.6 %
to the open-periods, whereas, in NR2D-knockout mice it contributed only 15.4 ±
5.8 % (Xfast = 971.7 ± 203.6 qs; «=14). We found no significant change in the time
constant of either the fast- or slow components (Xgiow =

3 .3

±

0 .2

ms in wild-type,

V5 ' Tsiow = 3.8 ± 5.8 ms in NR2D-knockout mice). Therefore, at this concentration
o f NMD A (10 pM), the weighted mean open-period for high conductance events
was T = 2.4 ± 0.2 ms («=15) in wild-type mice, compared with 3.4 ± 0.2 ms
(«=14) in NR2D-knockout mice {p < 0.01, unpaired Student’s t test).

As a result of the difference in open periods, the probability of a high conductance
channel being open (PopenniGn) was significantly greater in NR2D-knockout
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(0.04 ± 0.004) than in wild-type mice (0.02 ± 0.004; p < 0.05, unpaired Student’s t
test). This observation is consistent with the idea that the NR2D subunit co
ass embles with NR2B to form a native triheteromeric NR1/NR2B/NR2D receptor
with

distinct

single-channel

kinetics,

but

with

a

conductance

that

is

indistinguishable from the diheteromeric NR1/NR2B receptor. The frequency of
the high conductance openings was also not significantly different between wildtype (8.5 ± 1.6 Hz) and NR2D-knockout (11.2 ± 1 . 8 Hz; p > 0.2, unpaired
Student’s t test) animals. Further, the shut-time distribution of high conductance
events was similar between strains (data not shown). In both cases the shut-time
distribution was well fitted with the sum o f three exponential components, with
weighted mean shut-times of x = 133.2 ± 72.9 ms («=14) for wild-type, and x =
77.0 ± 13.1 ms (n=14) for NR2D-knockout animals. These values were not
significantly different (p > 0.4, unpaired Student’s t test).

5.3.1.3 Ifenprodil sensitivity ofhish conductance openings is modified by NR2D

Co-assembly of NR2B and NR2D subunits in Golgi cells might also be expected
to influence the pharmacology o f the high-conductance (NR2B-containing)
receptor. We therefore examined the effect of the NR2B-selective antagonist
ifenprodil on high-conductance openings activated by 10 pM NMD A. In patches
from both wild-type and NR2D-knockout mice, 0.1 pM ifenprodil caused a
marked reduction in PopenHicn- However, as shown in Figure 5.2A, the degree of
block was significantly greater in the absence of the NR2D subunit. Thus,
comparison of the change in

P o p e n c h i g h )?

following bath application of

0 .1

pM

ifenprodil, revealed a reduction of only 31.2 ± 8.7% (n=7) in wild type vs 58.9 ±
7.5% (n= 8 ) in NR2D-knockout mice.
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Figure 5.2C illustrates the concentration-response relationship for the inhibitory
action of ifenprodil, constructed from charge transfer analysis of all NMDAR
openings (i.e. both high and low conductance) in patches from wild-type and
NR2D-knockout mice. The low open probability and low single-channel
conductance of the NR1/NR2D NMDARs would imply that they contribute little
to the charge transfer data. To confirm this, we compared charge transfer and
time-course fitting analysis on the same patches. The reduction in

P o p e n (h ig h )

was

very similar to the reduction in the total charge transfer. When 0.1 pM ifenprodil
was applied to patches from wild-type mice,

P o p e n (h ig h )

analysis gave a reduction

of 3 1±8%, while total charge transfer analysis gave a reduction of 30±7% (n=7).
In NR2D-knockout mice,

P qpen

analysis gave a reduction of 60±9%, while total

charge transfer analysis gave a reduction of 63±5% (n=7).

Concentration-response relationships for ifenprodil inhibition of NMDARs in
patches from wild-type mice (Figure 5.2C) were best fitted with a modified form
of the Hill equation with two IC 50 components (see section 2.6.2). The
identification of an additional component with apparent low affinity extends our
previous observations on rat Golgi cell NMDARs which were fitted with a single
component Hill equation (Misra et al, 2000a). In the present study, the IC 50 value for
the apparent high affinity component was 129nM with a Hill slope of 0.6, and Imax(H)
of 71.5%, whereas the apparent low affinity component had an IC 50 of 45pM with a
Hill slope of 1.8 and Imax(L) of 28.5%. Although the high affinity component was
present in both strains of mice, the lower affinity component was absent in
patches from NR2D-knockout animals. Therefore, these data were best fitted with
a single Hill equation (IC 50 = 37 nM; Hill slope = 0.4). Once again, the reduced
blocking action o f ifenprodil in patches from wild-type mice is consistent with the
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presence of a pharmacologically distinct population of channels, containing co
assembled NR2B and NR2D subunits.

In Chapter 3, we showed that the NR2A subunit contributes to the synaptic
population of NMDARs later in Golgi cell development. To address the
possibility that NR2A might contribute to the somatic NMDAR population in
these cells, we examined the actions o f the Zn^^ chelator TPEN on NMDAR
channel openings in outside-out Golgi cell patches from P7-10 wild-type mice.
Consistent with our data from the rat (Misra et al, 2000a), we found no significant
change in charge transfer (-93 ± 57fC vs -117 ± 90fC; n=5) when patches were
exposed to 1 pM TPEN.
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Figure 5.1 ‘L o w ’ conductance openings were not observed in Golsi cell outsideout patches from NR2D knockout

A, single-channel openings from an outside-out patch excised from a P8 wild-type
Golgi cell and voltage-clamped at -60mV. NMD A (lOpM) was applied in the
presence of lOpM glycine, lOpM bieueulline, IpM strychnine, and 5|iM CNQX.
Three conductance states were resolved and the histogram was best described by
three Gaussian distributions {bottom left, corresponding to 50, 40 and 20pS). The
open period distribution of high conductance openings (of amplitude greater than
Acrit) was best fitted by two components, giving a weighted mean open period of
2.43 ± 0.21ms (n=15; bottom right).
B, the properties o f single-channel openings recorded from outside-out patches
from NR2D-knockout mice. The open point histogram shows that Tow’
conductance openings were absent, resolving mainly 50pS openings {bottom left),
and that the proportion of short open periods {bottom right) was smaller than for
recordings from wild-type animals. The weighted mean open period was 3.42 ±
0.22ms (n=14).
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Figure 5.2 Hisher ifenprodil sensitivity o f hish conductance oveninss from
NR2D-knockout Golsi cells compared with wild-type

A, the effect of ifenprodil (0.1 pM) on single-ehannel openings in somatic patches
excised from wild-type {right) and NR2D-knockout {left) Golgi cells. Cursory
inspection of the raw data suggested that ifenprodil at 0.1 pM had a greater
inhibitory effect on the charge transfer of openings from NR2D-knockout animals
compared with wild-type.
B, in the presence of 0.1 pM ifenprodil, high-conductance openings from NR2Dknockout Golgi cells were inhibited to a greater degree. Popen(HiGH) was reduced by
31.2 ± 8.7% (n=7) in wild-type vs 58.9 ± 7.5% (n= 8 ) in NR2D-knockout mice.
C, concentration-response relationship for the inhibitory effect of ifenprodil on
high conductance single-channel openings from wild-type {open circles) and
NR2D-knockout animals {filled circles). For the wild-type data, the relationship
was best described by the sum of two Hill functions, giving a high-affrnity
component of IC 50 = 129nM (Hill slope 0.6, Imax(H) 71.5%) and a low-affinity
component of IC 50 = 45pM (Hill slope 1.8, Imax(H) 28.5%). The concentrationresponse curve was shifted to the left, indicating a greater effect by ifenprodil on
NR2D-knockout patches. Best described by a single Hill function, the IC50 o f
ifenprodil for NR2D-knockout Golgi cells was 37nM (Hill slope 0.4). For
comparison, a data point showing the degree of ifenprodil block (0.1 pM) for
NMDARs recorded in migrating cerebellar granule cells (Misra et al, 2000a) has
been added to this plot {grey square).
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5.3.2 Com parins svnavtic currents in wild-type and NR2D-knockout mice

5.3.2.1 Miniature EPSCs

To test whether the NR2D subunit contributes to NMDARs involved in synaptic
transmission, we first compared the properties of miniature EPSCs (mEPSCs) in
Golgi cells of wild-type and NR2D-knockout mice (Figure 5.3). mEPSCs were
recorded in Mg^^-ffee bathing solution, in the presence of 0.5pM TTX, lOpM
SR95531, IpM strychnine and lOpM glycine at the holding potential of -30mV
(Figure 5.3A and B). As summarised in Figure 5.3C and Table 5.1, we found no
differences in: (a) mEPSC frequency; (b) NMDAR-mEPSC amplitude; (c)
NMDAR-mEPSC charge transfer; (d) NMDAR-mEPSC decay time constant
(single-component fit); and (e) non-NMDAR mEPSC amplitude. This suggests
that the NR2D subunit does not significantly contribute to NMDAR-mediated
quantal events in the Golgi cell.

5.3.2.2 Comparins mEPSCs and sEPSCs

Most granule cells are inactive in the slice (Cathala L and Brickley S, personal
communication) as the mossy fibre inputs are severed and inhibition is still being
mediated by spontaneously-firing Golgi cells. Spontaneously-occurring EPSCs
recorded from Golgi cells are therefore likely to arise from action potentialindependent release at parallel fibre terminals. Indeed, Dieudonné (1998) showed
that sEPSCs are the same as mEPSCs in terms of non-NMDAR-mediated
amplitude. We compared the NMDAR-mediated components of mEPSCs and
sEPSCS in P7-10 Golgi cells.
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The frequency o f mEPSCs was approximately 20% lower than that of sEPSCs in
wild-type Golgi cells (0.13 ± 0.03Hz (n=6) vs 0.18 ± O.OlHz (n=3), respectively;
p > 0.1, Mann-Whitney U). We found no differences between sEPSCs and
mEPSCs recorded from wild-type Golgi cells in terms of the NMDAR-EPSC
amplitude, charge transfer and decay time constant. The properties of the nonNMDAR component (peak amplitude, 10-90% rise and t^) were also similar
between sEPSCs and mEPSCs (Table 5.1).

In a similar fashion, there were no significant differences between sEPSCs and
mEPSCs from NR2D-knockout mice nor were there differences in sEPSCs
between wild-type and NR2D-knockout mice (Table 5.1; p > 0.05, unpaired
Student’s t test or Mann-Whitney U). This indicates that Golgi cell sEPSCs are
mostly quantal events.

5.3.2.3 Ifenprodil sensitivity o f sEPSCs

We next compared the ifenprodil sensitivity of synaptic currents recorded from
the two strains. Because of the higher frequency of sEPSCs, it was more practical
to record sEPSCs rather than mEPSCs for this set of experiments. Ifenprodil
(lOpM) inhibited the NMDAR-sEPSC charge transfer by the same degree in wildtype and mutant mice (wild-type, 54.0 ± 11.2%, n=7; NR2D-knockout, 51.8 ±
8.5%, n=8; p > 0.5, unpaired Student’s t test; Figure 5.4B). There was also no
difference in the amount of inhibition by 0.1 pM ifenprodil between wild-type and
NR2D-ablated animals (wild-type, 21.4 ± 3.2%, n=3; NR2D-knockout, 24.9 ±
7.7%, n=5; p > 0.6, unpaired Student’s t test). This result is also consistent with
the idea that NR2D-containing receptors are not located at synaptic sites.
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S.3.2.4 Hish-frequencv train stimulation: no differences in kinetic or
pharmacolosical properties between wild-type and NR2D-knockout mice

The possibility that NR2D-containing receptors are located perisynaptically
prompted us to examine the properties of currents generated by a high frequency
train of stimuli at parallel fibre-Golgi cell synapses. To activate a substantial
proportion of extrasynaptic reeeptors, we decided to use a stimulation intensity
that was twice threshold and to adopt a stimulation protocol of 5 stimuli at 50Hz.
There was no significant difference in the charge transfer (wild-type, 9834 ±
2197fC, n=10; NR2D-knockout, 5702 ± 1047fC, n=7; p > 0.1, unpaired Student’s
t test) or in the decay kinetics (wild-type, 332.6 ± 49.0ms; NR2D-knockout, 236.3
± 30.3ms; p > 0.1, unpaired Student’s t test) of the train of NMDAR-EPSCs
between the two strains. The sensitivity of the charge transfer to ifenprodil was
the same between NR2D-ablated and wild-type animals, at both 0.1 pM (wildtype, 5.4 ± 6.2%, n=9; NR2D-knockout, 25.2 ± 20.2%, n=5; p > 0.3, unpaired
Student’s t test) and lOpM (wild-type, 60.7 ± 7.2%, n=9; NR2D-knockout, 65.8 ±
10.4%, n=7; p>0.5, unpaired Student’s t test; Figure 5.4B). This set of results
suggest that, not only are NR2D-containing receptors absent from synaptic sites,
but that they are also absent from perisynaptie locations.
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Figure 5.3 Golsi cell mEPSCs from NR2D-knockout mice were the same as
mEPSCs from wild-type animals

A, left, traces of mEPSC recordings from a P9 wild-type Golgi cell under control
conditions {top) and in the presence of 50pM D-AP5 {bottom). This recording was
made in the presence of 0.5pM TTX, lOpM SR93351, IpM strychnine and lOpM
glycine, at a holding potential of -30mV. Right, average waveform (of at least 100
individual mEPSCs) from the same recording under control conditions {black) and
in 50pM D-AP5 {grey). Inset, The NMDAR-mediated component of the average
mEPSC was best fitted by a single exponential and had a decay time constant (x)
of 94.6ms.
B, left, trace of mEPSC recording from a P7 NR2D-knockout Golgi cell under
control conditions. Right, average waveform from the same recording under
control conditions {black) and in 50pM D-AP5 {grey). Inset, The NMDARmediated component of the average mEPSC was best fitted by a single
exponential and had a decay time constant (t) o f 75.8ms.
C, there were no differences between wild-type and NR2D-knockout animals in
terms of mEPSC frequency, NMDAR amplitude, NMDAR charge transfer,
NMDAR decay time-course and non-NMDAR amplitude. Each bar in the graph
represents the value from mutant animals (n=8) expressed as a percentage of the
mean value from wild-type mEPSC recordings (n=6).
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Figure 5.4 Ifenprodil sensitivity o f sEPSCs and parallel fibre-Golsi cell EPSCs
venerated by 5 pulses at 50Hz

A, EPSCs elicited by a train stimulus of 5 pulses at 50Hz (stimulation intensity,
15V above threshold) recorded from a P8 NR2D-knockout mouse, black trace,
control conditions; blue trace, in lOpM ifenprodil; and grey trace, in 50pM DAP5.
B, the degree of inhibition by lOpM ifenprodil was similar between sEPSCs and
EPSCs produced by a train of stimuli. There were also no differences between the
wild-type {open bars) and mutant {grey bars) animals.
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Table 5.1 The kinetic yroyerties o f svnavtic currents are similar between wildtvve and NR2D-knockout mice, and between mEPSCs and sEPSCs

m EPSCs

sE P S C s

Wild-type

NR2D-knoekout

Frequency (Hz)

0.134 ± 0 .0 3 (6)

0.133 ± 0 .0 2 (8)

N M DA R am plitude (pA)

-5.36 ± 1 .8 7

-5.23 ± 0.60

NM DAR charge transfer (fC)

842.4 ± 2 0 1 .2

893.1 ± 1 5 7 .7

NM DA R decay x (ms)

100.4 ± 6 .2

86.0 ± 4 .3

N on-N M DAR am plitude (pA)

-30.9 ± 3 .4

-33.2 ± 2 .8

Non-NM DAR 10-90% rise (fis)

365.7 ± 20.1

352.2 ± 2 3 .6

Non-NM DAR decay Tw (ms)

1.45 ± 0 .1 4

1.36 ± 0 .1 4

Frequency (Hz)

0.176 ± 0 .0 1 (3)

0.175 ± 0.01 (8)

NM DAR amplitude (pA)

-4.34 ± 1.24

-3.92 ± 0.29

NM DA R charge transfer (fC)

-736.4 ± 2 6 8 .0

-566.3 ± 100.7

N M DA R decay x (ms)

104.8 ± 2 4 .7

106.5 ± 16.9

Non-NM DAR amplitude (pA)

-26.4 ± 1.5

-28.1 ± 1 .6

Non-NM DAR 10-90% rise (fis)

433.7 ± 1 8 .6

478.5 ± 34.4

Non-N M DAR decay x^ (ms)

1.83 ± 0 .4 1

1.52 ± 0 .1 5

M ean ± S.E.M. (number o f cells)
No significant differences between wild-type and NR2D-knockout animals for all param eters
analysed (p > 0.1, unpaired Student’s t test or M ann-W hitney U). Also, no significant
differences between mEPSC and sEPSC for both wild-type and NR2D-knockout Golgi cells
(p > 0.1, unpaired Student’s t test or M ann-W hitney U).
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T able 5.2 Ifenprodil sensitivity o f svnavtic and spillover currents from wild-type
and NR2D-knockout mice

sE P S C s

% inhibition by 0.1 pM

Wild-type

NR2D-knockout

21.4 ± 3 .2 (3)

24.9 ± 7 .7 (5)

54.0 ± 1 1 .2 (7)

51.8 ± 8 .5 (8)

5.4 ± 6 .2 (9)

25.2 ± 2 0 .2 (5)

60.7 ± 7.2 (9)

65.8 ± 1 0 .4 (7)

ifenprodil
% inhibition by lOpM
ifenprodil
H ig h -

% inhibition by 0.1 pM

freq u en c y

ifenprodil

train s
% inhibition by lOpM
ifenprodil

N um ber o f cells in parentheses
N o significant differences between wild-type and N R2D-knockout animals for all parameters
analysed (p>0.1)
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5.4 Discussion

5.4.1 Summary o f results

Our experiments provide three main findings. First, they demonstrate that lowconductance NMDAR-channels are lost in cells that lack the NR2D subunit.
Second, our analysis of the biophysical and pharmacological properties of
NMDAR-channels in NR2D-knockout mice indicates that NR2D and NR2B coassemble to form a population of fimctionally distinct receptors. Third, NR2Dcontaining receptors do not appear to be present at synapses in the Golgi cell. On
comparison o f synaptic currents of wild-type and NR2D-ablated animals, we
found no differences in the magnitude or kinetics of the NMDAR-mediated
component o f mEPSCs. The ifenprodil sensitivity of synaptic currents was also
comparable in the two strains. Furthermore, currents generated by high-frequency
stimulation o f parallel fibres revealed no biophysical or pharmacological
differences between the two strains. This suggests that the NR2D subunit does not
play a significant role in synaptic transmission in the Golgi cell, and that the
NR2D subunit appears to be selectively expressed at somatic locations in the
young (P7-P10) cerebellar Golgi cell.

5.4.2 Functional expression o f triheteromeric NMDARs

Our previous experiments on rat cerebellar Golgi cells identified highconductance (~50 pS) NMDAR-channels that are sensitive to the NR2B-selective
antagonist ifenprodil, and low-conductance channels (20/40pS) that exhibit
asymmetric gating between conductance states (Misra et al, 2000a), characteristic
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of NR1/NR2D receptors (Wyllie et al, 1996). The present experiments indicate
that mouse Golgi cells express a similar repertoire of NMDAR channels.
Moreover, the selective loss of 20/40pS channels in Golgi cells lacking the NR2D
subunit (while 50/40pS openings remain intact), provides direct evidence for the
idea that these low-conductance NMDAR-channels constitute the native form of
NRl/NR2D-subunit containing receptors (Momiyama et al, 1996; Misra et al,
2000a, 2000b).

In the present study, analysis o f single-channel currents, recorded from cerebellar
Golgi cells in wild-type and NR2D-knockout mice, directly demonstrated that
expression of the NR2D subunit altered both the kinetics and ifenprodil sensitivity
of high conductance NMDAR channels. This result suggests the existence of a
triheteromeric assembly containing NR1/NR2B/NR2D subunits, implying that at
least three types of NMDAR are present in cerebellar Golgi cell bodies at this
stage of development. While NR1/NR2D and NR1/NR2B containing receptors
gives rise to low (20/40pS) and high conductance events (50pS) respectively, the
triheteromeric assembly (NR1/NR2B/NR2D) generates 50pS channels but with
distinct kinetic behavior and pharmacological properties.

Immunoprécipitation and molecular studies suggest that more than one type of
NR2 subunit can be contained within NMDAR assemblies (Sheng et al., 1994;
Chazot and Stephenson, 1997; Dunah et al, 1998). A growing body of evidence
also supports the view that triheteromeric assemblies give rise to discrete receptor
subtypes. For example, recombinant NMDARs in cells transfected with N R l,
NR2A and NR2B subunits display reduced ifenprodil sensitivity (Vicini et al,
1998; Tovar and Westbrook, 1999; but see Kew et al, 1998). Patches from
Xenopus oocytes co-transfected with N R l, NR2A and NR2D subunits exhibited
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channels with direct transitions between low and high conductance states (~30, 40
& 50 pS; Cheffings and Colquhoun, 2000). However, despite the widespread
distribution of the NR2D subunit in the CNS, it is not known whether
triheteromeric NR2D- containing NMDAR assemblies exist in vivo and whether
the inclusion of NR2D in such an assembly imparts distinct single-charmel
properties. These questions are particularly relevant to the developing nervous
system, given that NR2D and NR2B are co-expressed in many immature neurons
(Akazawa et al, 1995; Monyer et al, 1994; Watanabe et al, 1994). Furthermore,
immunohistochemieal data suggests that all NR2D-containing receptors in the
adult midbrain may be triheteromeric (Dunah et al, 1998).

The expression o f a functionally distinct triheteromeric receptor subtype clearly
increases the potential for receptor diversity. In this context it is of interest that
earlier studies have shown that recombinant triheteromeric reeeptors display
properties intermediate between the NR2 subunits expressed. For example,
NR1/NR2A/NR2B reeeptors exhibit a slow deactivation time and decreased
haloperidol sensitivity (Vicini et al, 1998). Furthermore, NR1/NR2A/NR2D
receptors display extended total activation times, but with reduced channel open
probability,

when

compared with NR1/NR2A receptors

(Cheffings

and

Colquhoun, 2000). Our observations suggest a similar phenomenon occurs with
NR1/NR2B/NR2D receptors, since the presence of NR2D resulted in a significant
decrease

in

open

period(HiGH)-

However,

unlike

the

recombinant

NR1/NR2A/NR2D receptors (Cheffings & Colquhoun, 2000), we detected no
additional conductance states for the native NR1/NR2B/NR2D assembly.

It is notable that in almost all neurons where NR2D (or NR2C) are expressed
together with other NR2 subunits, only two types of single-ehannel openings have
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been reported (Farrant et al, 1994; Momiyama et al, 1996; Takahashi et al, 1996;
Plant et al, 1997; Misra et al, 2000a; Momiyama, 2000; but see Ebralidze et al,
1996). The high- (~50pS) conductance events are believed to arise from native
NR2A- and NR2B-containing receptors, while low-conductance (38-18 pS) events
arise from NR2C- and NR2D-containing receptors. Our experiments suggest that
the absence of other conductance levels does not indicate a lack of triheteromeric
receptors as NR1/NR2B/NR2D and NR1/NR2B assemblies exhibit similar single
channel conductances.

Not all low conductance events necessarily arise from NR1/NR2D or NR1/NR2C
containing NMDARs. For example, there is compelling evidence that the NR3A
subunit can co-assemble with NR1/NR2 receptors to produce a functionally
distinct recombinant NR1/NR2A/NR3A receptor with low-conductance channel
openings (Das et al, 1998; Perez-Otano et al, 2001). Therefore, it is only in the
absence of NR3 (as in the cerebellum) that low-conductance NMDAR-openings
provide an unambiguous single-channel signature for NR2C- or NR2Dcontaining diheteromeric receptors. In this respect it is notable that other native
NMDAR channel conductance levels have been described, with subunit
compositions that remain to be identified (Palecek et al, 1999). Also, in a recent
study of NMDAR channels in neonatal rat hippocampal neurons thought to
express NR2D, it has been suggested that a single type of triheteromeric receptor
may switch between two states, giving rise both to high and low conductance
modes (Piha-Crespo and Gibb, 2002). It is therefore conceivable that a proportion
o f the low conductance events observed in Golgi cells may reflect modal gating of
the triheteromeric NR2D-containing receptor.
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5,4.3 N R 2D -containins NMDARs are absent from G olsi cell synapses

While the low conductance NR2C-containing NMDAR has been shown to
participate in synaptic transmission at the mossy fibre-granule cell relay
(Takahashi et al, 1996; Cathala et al, 2000), there is currently no evidence
suggesting the presence of NR2D at any central synapse. If present at synapses,
NR1/NR2D NMDARs might be recognized by their conspicuously slow decay
which would last seconds rather than hundreds of milliseconds (Monyer et al,
1994; Vicini et al, 1998; Wyllie et al, 1998; Misra et al, 2000b). The current study
demonstrates that high conductance openings from NR1/NR2B/NR2D assemblies
should also exhibit altered deactivation kinetics compared with conventional
NR1/NR2B ones. However, the kinetics of NMDAR-mediated miniature,
spontaneous and evoked EPSCs were found to be no different in NR2D-knockout
mice, suggesting that the NR2D subunit does not significantly contribute to
synaptic currents in P7-P10 cerebellar Golgi cells. The ifenprodil sensitivity of the
synaptic response was also unaffected. In addition, high frequency stimulation of
parallel fibre inputs did not result in an NMDAR response with altered kinetics or
pharmacology. This would suggest that those perisynaptic NMDARs activated by
diffusion of glutamate also lacked the NR2D subunit. Therefore, NR2Dcontaining NMDARs do not appear to be targeted to the vicinity of parallel fibreGolgi cell synapses at this age.

In Chapter 3 we showed a reduction in ifenprodil sensitivity of synaptic currents
between P7-8 and P15-18 Golgi cells. We argued for the increased expression of
NR2A at P I 5-18 as currents exhibited faster decay kinetics and increased
sensitivity to TPBN at this age. Could this interpretation of our results be affected
in light of the possibility of NR1/NR2B/NR2D receptors? Although the presence
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of NR1/NR2B/NR2D receptors would reduce ifenprodil sensitivity (see Figure
5.2C), it is yet unknown how the presence of NR2D in triheteromeric receptors
may affect the decay kinetics of macroscopic currents. Furthermore, it is very
unlikely NR1/NR2B/NR2D receptors are sensitive to TPEN as the charge transfer
of single-channel openings in wild-type outside-out patches were unaffected by
IpM TPEN (section 5.3.1.3). For the moment, the most likely interpretation of
our results presented in Chapter 3 is that of a developmental increase in NR2A
expression at Golgi cell synapses.

As mentioned in Chapters 1 and 4, the interactions between the carboxyl terminals
of NR2 subunits and PSD proteins are now thought to be important in the
targeting of NMDARs to synaptic sites. NR2A and NR2B subunits contain PDZbinding motifs in their cytoplasmic tails that are involved in receptor delivery to
the plasma membrane and targeting of these receptors to synaptic sites (Komau et
al, 1995; Niethammer et al, 1996; Steigerwald et al, 2000; Roche et al, 2001). The
intracellular domains of NR2C and NR2D subunits are shorter by 150-200 amino
acid residues (Ishii et al, 1993) and would therefore lack at least some of the PDZbinding motifs. Perhaps this is the mechanism by which NR2D receptors are
excluded from synapses.

NR2D expression is most prominent during embryonic and early postnatal
development (Monyer et al, 1994; Watanabe et al, 1994; Dunah et al, 1996;
Wenzel et al, 1996), suggesting participation in neuronal development. Although
RNase protection experiments indicate two splice variants of the NR2D subunit
(Ishii et al, 1993), only the NR2D-2 variant (corresponding to the sequence
identified originally by Ikeda et al, 1992) has been detected in the brain (Wenzel
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et al, 1996). The level o f NR2D mRNA in the rat brain declines directly after birth
while protein expression of NR2D continues to increase until PIO before declining
(Wenzel et al, 1996). This suggests that NR2D expression may be regulated at the
transcription level.

5.4.4 Possible functional significance o f NR2D-containins extrasvnavtic recevtors

Although the properties of extrasynaptic NMDA receptors have been extensively
studied, the function of these receptors remains largely unknown. Tonically-active
NMDARs have been suggested to promote neuronal excitability (Sah et al, 1989).
Due to their high glutamate affinity and low Mg^"^ block sensitivity, NR1/NR2D
receptors are likely to be activated by ambient levels of glutamate. Spontaneous
Ca^^ oscillations in astrocytes have been linked to long-lasting NMDAR-mediated
currents (with decay time constants of around 3 seconds) in thalamic neurons. As
NR2D is abundantly expressed in these neurons in early postnatal development, it
is possible that extrasynaptic NR2D-containing receptors are activated by Ca^^induced glutamate release from surrounding astrocytes (Parri et al, 2001).

Intense NR2D protein staining was recently reported in the hippocampal stratum
lucidum, suggesting the expression of NR2D at presynaptic sites (Thompson et al,
2002). Indeed, presynaptic NMDARs have been described at cerebellar synapses.
Glitsch and Marty (1999) demonstrated that the frequency of IPSCs recorded from
Purkinje cells and stellate cells was reduced on perfusion of D-AP5. As molecular
layer intemeurons stain positive for NR2D mRNA (Akazawa et al, 1994) and low
conductance channels indicative o f NR1/NR2D receptors have been recorded in
patches from stellate cells (Momiyama, Clark and Cull-Candy, unpublished
observations), it is tempting to speculate that NR2D receptors may be located at
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axon terminals. Indeed, I attempted to address this possibility of presynaptic
NR2D receptors by examining the effect of D-AP5 on the frequency of miniature
IPSCs recorded from deep cerebellar nuclei (DCN) neurons. Purkinje cells, which
express NR2D and no other NR2 subunit during the first postnatal week
(Akazawa et al, 1994; Momiyama et al, 1996), form GABAergic synapses onto
DCN neurons. In terms of NR2D subunits, this would be a good system to test the
hypothesis o f NR2D presynaptic NMDARs.

However,

several practical

complications arose. Principal neurons in the DCN are very large (whole-cell
capacitance, 20-70pF) and have a substantial AP5-sensitive leak current. In the
presence of D-AP5, more small-amplitude mIPSCs were detected, possibly due to
the quieter baseline and improved resolution. This may underlie the observed
increase in mIPSC frequency and we decided this system was not suitable for
rigorous and reliable analysis of mIPSC frequency. Further complications
included the heterogeneity of DCN neurons and the presence of intemeurons
within the DCN which may contribute to the mIPSCs recorded.

The possible significance of the NR2D subunit in behaviour has also been
investigated in NR2D-knockout mice (Ikeda et al, 1995). Although general
spontaneous activity was significantly lower than in heterozygous littermates, no
abnormality was detected in motor activity or anxiety. The disruption of NR2D
expression was suggested to affect the formation of whisker-related patterns as
this subunit is highly expressed in the embryonic and neonatal brainstem.
However, no difference was found, either because the NR2D subunit is not
involved in this process or because of compensatory mechanisms. No gross
differences were found in the mRNA expression of N R l, NR2A, NR2B or NR2C.
Nevertheless, it is very interesting to note that NR2D may be linked to
schizophrenia. A relative 50% increase in the level of NR2D mRNA was observed
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in the prefrontal cortex of schizophrenics (Akbarian et al, 1996). It still remains to
be seen what functions the NR2D subunit holds, and by what mechanisms the
selective expression or exclusion of the NR2D subunit is controlled.
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CHAPTER 6

GENERAL
DISCUSSION
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6.1 NMDA receptors in the cerebellar Golsi cell: differential localisation and
develovmental chanses

Taking together the results o f Chapters 3, 4 and 5, we summarise the differential
localisation of NMDARs in the cerebellar Golgi cell during the first three weeks
o f murine postnatal development (Figure 6.1). At the end of the first postnatal
week (P7-8), NR2B receptors dominate at (parallel fibre-) Golgi cell synapses.
Meanwhile, NR1/NR2B, NR1/NR2D and NR1/NR2B/NR2D receptors are
functionally expressed on the cell body. Furthermore, the NR2D subunit appears
to be absent from synaptic and perisynaptic locations.

At the beginning of the third postnatal week (PI 5-18), NR2A-containing receptors
(either diheteromeric NR1/NR2A or triheteromeric NR1/NR2A/NR2B ones)
participate in synaptic transmission. However, this change in the subunit
composition of NMDARs from mainly NR2B-NMDARs to more NR2Acontaining receptors does not occur in the perisynaptic membrane. At both P7-8
and P I 5-18, NMDARs located in the periphery of parallel fibre-Golgi cell
synapses are of the NR2B subtype. This study shows that synaptic NMDARs are
developmentally regulated and that a number of NMDAR subtypes are
differentially distributed in the mouse cerebellar Golgi cell. Further work is
needed to elaborate on this characterisation and to ascertain what specific roles
these NMDAR subtypes may serve in the function of central neurons.

207

Figure 6.1 Summary o f the different NMDAR subtypes functionally expressed in
the cerebellar G olsi cell

At P7-8 (top), properties of the synaptic currents indicate that NR2B receptors
dominate at Golgi cell synapses. It also appears that these receptors are present
perisynaptically and can be activated by a high-frequency train of stimuli. Single
channel recordings provide evidence for the functional expression of three
NMDAR

subtypes

in

the

cell

soma:

NR1/NR2B,

NR1/NR2D

and

NR1/NR2B/NR2D.

At P I 5-18 (bottom), changes in the properties of synaptic currents are consistent
with an increase in NR2A-containing NMDARs at Golgi cell synapses. This
change in subunit composition appears to be targeted at synapses. Perisynaptic
NMDARs remain of the NR2B subtype.
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6.2 Possible future directions

A number of interesting points have arisen from the work presented in this thesis.
Further investigation of these questions would not only elaborate on the properties
of NMDARs, it would also provide us with a more detailed picture of the
cerebellar Golgi cell.

• NR1/NR2A receptors have been shown to be tonically inhibited by
(Paoletti et al, 1997) but are not sensitive to the antagonist ifenprodil (Williams,
1993). We showed in section 3.3.4.3 that, at P I 5-18, percentage inhibition of
synaptic NMDARs by ifenprodil was greater in the presence of the Zn^^ chelator
TPEN. In order to interpret this result in terms of possible coassembly of NR2A
and NR2B, we need to know whether NR2A-containing receptors are sensitive to
inhibition by ifenprodil when tonic Zn^^ inhibition has been removed. As
ifenprodil inhibition of NR2B receptors and (the voltage-independent component
of) Zn^^ inhibition of NR2A receptors are thought to act by enhancing proton
sensitivity (Mott et al, 1998; Choi and Lipton, 1999; Low et al, 2000; Zheng et al,
2001), interactions between Zn^^ inhibition and ifenprodil inhibition are plausible.

To address this question, one could investigate whether recombinant NR1/NR2A
receptors become sensitive to ifenprodil inhibition in the presence of TPEN (i.e. in
the absence o f Zn^"^). It would also be interesting to see if recombinant
NR1/NR2A/NR2B receptors are sensitive to high-affinity voltage-independent
inhibition by Zn^^, and if so, whether this Zn^^ inhibition affects the receptors’
sensitivity to ifenprodil.
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•

It w o u ld a lso b e in te re stin g to in v e s tig a te fu rth e r th e ro le o f g lu ta m a te

tra n s p o rte rs in d e te rm in in g th e k in e tie s a n d m a g n itu d e o f s y n a p tic c u rre n ts in th e
G o lg i c e ll. F irst o f all, e x p e rim e n ts w o u ld h a v e to b e c o n d u c te d at p h y s io lo g ic a l
te m p e ra tu re as g lu ta m a te u p ta k e is h ig h ly te m p e ra tu re -d e p e n d e n t. A s w e sa w in
se c tio n 4 .3 .5 , b a th p e rfu s io n o f th e g lu ta m a te tra n s p o rte r in h ib ito r T B O A w a s
d e trim e n ta l to G o lg i c e lls in slic e s fro m P I 5 -1 8 m ice. L o c a l p e rfu s io n o f T B O A
in th e v ic in ity o f th e s tim u la tio n e le c tro d e w o u ld b e a less in v a s iv e m e th o d . A s th e
s tim u la tio n e le c tro d e is u s u a lly p la c e d o n th e su rfa c e o f th e m o le c u la r lay er, it is
lik e ly th a t T B O A w ill e a sily d iffu se to th e sy n a p se s b e in g a c tiv a te d .

•

I a m a lso v e ry c u rio u s as to w h e th e r th e N M D A R -m e d ia te d c o m p o n e n t a ffe c ts

th e p ro p e rtie s o f e x c ita to ry p o s ts y n a p tic p o te n tia ls (E P S P s ) in G o lg i cells. H o w
d o th e d e v e lo p m e n ta l c h a n g e s in th e siz e an d th e d u ra tio n o f th e N M D A R c u rre n t
a ffe c t th e sh a p e o f th e E P S P ? T o a d d re s s th is, o n e c o u ld re c o rd E P S P s in c u rre n td a m p (a t p h y s io lo g ic a l te m p e ra tu re ) a n d see h o w th e N M D A R a n ta g o n is t D -A P 5
a ffe c ts th e a m p litu d e a n d d e c a y k in e tic s.

•

A re e x tra s y n a p tic N M D A R s a c tiv a te d b y h ig h -fre q u e n c y b u rs ts o f stim u li at

p h y s io lo g ic a l te m p e ra tu re ? F u rth e rm o re , h o w d o e s th e a c tiv a tio n o f p e ris y n a p tic
N M D A re c e p to rs a ffe c t G o lg i ce ll firin g ?

T h e first q u e s tio n c a n b e a d d re s se d b y re p e a tin g , at p h y s io lo g ic a l te m p e ra tu re , th e
e x p e rim e n ts o u tlin e d in C h a p te r 4. T h e se c o n d q u e stio n m a y b e a little m o re
d iffic u lt to a n sw e r. In c u rre n t-c la m p at p h y s io lo g ic a l te m p e ra tu re , o n e c o u ld
re c o rd G o lg i ce ll firin g in re s p o n se to a tra in o f a ffe re n t stim u li. A s sy n a p tic
N M D A R s are re la tiv e ly in s e n s itiv e to ife n p ro d il at P I 5 - 18, o n e c o u ld e x p lo re
h o w ife n p ro d il a ffe c ts th e firin g re s p o n se at th is age. A c o m p lic a tio n d o e s a rise
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because the Golgi cell also expresses many NR2B-NMDARs on the cell body.
Inhibition of these receptors by ifenprodil may affect cell excitability by making
the cell membrane less leaky. To circumvent this complication, one could locally
perfuse ifenprodil along the parallel fibres in the vicinity of the stimulation
electrode.

• Another aspect of synaptic transmission I would be interested in investigating is
whether Golgi cell synapses are plastic. In light of the possibility of LTP at the
mossy fibre-granule cell synapse (D’Angelo et al, 1999) and activity-induced
changes in AMP A receptor calcium permeability at the parallel fibre-stellate cell
synapse (Liu and Cull-Candy, 2000), it would be interesting to further test the
possibility of activity-dependent changes at Golgi cell synapses. Preliminary work
suggests that the parallel fibre-Golgi cell synapse does not undergo LTP. No
changes to synaptic currents were observed in response to theta-burst or sustained
stimulation.

• The Golgi cell in the cerebellum expresses a wide variety of glutamate
receptors. Besides AMP A and NMDA receptors, the Golgi cell also expresses
kainate receptors and metabotropic glutamate receptors. Kainate receptors have
been reported to be activated by synaptic activity at the parallel fibre-Golgi cell
synapse (Bureau et al, 2000). Golgi cells express the metabotropic glutamate
receptors mGluR2 and mGluR5, as supported by immunostaining and radioligand
binding studies (Neki et al, 1996; Knoflach et al, 2001). The mGluR2 receptors
are located on the cell bodies and the proximal parts of their dendrites, while
mGluRS immuno activity could be traced throughout the molecular layer (Neki et
al, 1996). Indeed, mGluRs have been shown to play a role in synaptic
transmission at the Golgi cell to granule cell synapse (Mitchell and Silver, 2000)
212

and it is possible that parallel fibre activity can activate mGluRS. Further work
would be required to elucidate whether kainate receptors and mGluRs modulate
synaptic activity or synaptic plasticity in the cerebellar Golgi cell.
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